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Abstract

CaMgR(POy)7 (R = La, Pr, Nd, SmLu, and Y) phosphates with&aCa(PQy), related structure
were prepared by a standard solid-state method.iis@cond-harmonic generation, differential
scanning calorimetry, and dielectric measuremesdstd the conclusion that all 84gR(PQy);
are centrosymmetric and go to another centrosynmmplrase in the course of a first-order
antiferroelectric phase transition well above rommperature (RT). High-temperature electron
diffraction showed that the symmetry changes fi@Bt to R3m during the phase transition.
Structures of GMgR(P(Oy); at RT were refined by the Rietveld method in casymmetric
space groufiR3c. Mg** cations occupy thM5 site; the occupancy of thél site byR** cations
increases monotonically from 0.0389 ®k La to 0.1667 foR = Er-Lu, whereas the occupancy
of theM3 site byR** cations decreases monotonically from 0.127&ferLa to 0 forR = Er-Lu.

In the case oR = Er-Lu, theM3 site is occupied only by &acations. P1Qtetrahedra and
cations at théi3 site are disordered in tiR8c structure of CaMigR(PQy);. Using synchrotron
X-ray powder diffraction, we found that annealingnditions do not significantly affect the
distribution of C&" and Ed* cations between the structure positions oEMZEU(PQ);.
Luminescent properties of gMgEU(PQ); powder samples were investigated under near-
ultraviolet (n-UV) light. Excitation spectra of gMgEu(PQ); show the strongest absorption at
about 395 nm that matches with commercially avé&labUV-emitting GaN-based LED chips.

Emission spectra show an intense red emissionadteiD, — ‘F transition of Edi*.

Keywords: Optical materials; Inorganic materials; Solid stakactions; Crystal structure;

Luminescence; Synchrotron radiation.



1. Introduction

Multifunctional materials can be defined as thossgessing specific desirable electronic,
magnetic, optical, thermal, or other propertieome material 3-Ca(POy).-related compounds
[1], e.g., CaR(AO,)7 and CgMgR(AQ,)7 (A = P and V;R = Sc, Cr, Ga, In, Y, and rare-earth
(RE) cations), are examples of such multifunctianaterials. They were found to be promising
as light-emitting diodes (LED) [2, 3], laser [4hdnon-linear optical materials [5-7]. Moreover,
these compounds are known as ferroelectrics [5Aad] antiferroelectrics [8, 9], catalysts [10],
and biomaterials [11].

The B-Ca(POy).-type structure (space group (SERBc, Z = 21) consists of isolated RO
tetrahedra that connect Ca@olyhedra into a 3D framework via common verti¢gs Ca*
cations occupy five position841-M5; theM1-M3 (18-fold) and\VI5 (6-fold) positions are fully
occupied wherea®4 (6-fold) andM6 (6-fold) sites are half-occupied and vacant, eespely.
The peculiarity of the structure is the ability ascommodate different cations with size and
charge variations without significant changes af framework. Size variations of the GaO
polyhedra in thep-Ca(PQy), structure allow a large variety of isovalent aniibwvalent
substitutions for CA cations [12-19]. Depending on the ionic radiuglaeing cations substitute
cd" in different positions. Small size cations, sustMrf”, F€*, Ni** and Cd*, substitute Cd
in the M4 andM5 sites [8, 14, 15, 19] whereas large size catisush as RE cations, replace
cd" in theM1-M3 or M1, M2, andM5 sites [12]. Monotonic changes of thNed-M3 andM5
site occupancies b cations have been found in dB6A0,); compounds withA = V [12, 20-
22] and P [23]. An overview of cation distributioamong theVi1-M5 sites of the3-Ca(PQy):
structure is given in Ref. [24].

Phosphors for LEDs should preferably be a singkesphmaterial and contain different
RE or other luminescent cations. g@@R(PQy); compounds have the structure-forming RE
cations, and they can be additionally doped byrgelaariety of luminescent cations. For this
reason, CaMgR(PQOy); (R = RE and Y) compounds have been intensively studeeently as
potential luminescence materials [25-32]. RecergngXes include compounds doped or co-
doped with E&' [25, 26, 33-35], Etf [27, 36, 37], TB' [38], Dy** [3, 31, 39], Pt [40], Snt*
[41], TO*/EP" [42], TB*'/Mn?* [28], CEMNn?* [29], EF'/Mn** [30, 43-45], C&/Tb*/Mn**
[32], CE'/EIMn** [46], and YBYEr*/Ho*/Tm>" [44]. The introduction of one or several
doped cations preserves the structure and creatiiscolored and tunable phosphors. To give a
correct description of luminescent properties it necessary to know the structure of
CaMgR(P(Oy); compounds and to have information about polyhed@upied by RE cations.

However, the structure of these compounds has een beported yet. They were considered as



derivatives of thgd-Ca(POy), structure with the standard polar space gre8pin some works,
while there is evidence that the crystal strucafr€aMgR(POy); could be centrosymmetric [9].
Therefore, the aim of the present paper is to fglathe crystal symmetry of
CaMgR(PQ,); with R = La, Pr, Nd, SmLu, and Y, and to determine the distribution R5f
cations among the crystallographic sites of thecstire. The latter information is important for
designing and modifying the luminescence propermiethese materials. In addition, we also
found antiferroelectric high-temperature phase ditams in all these compounds, and

investigated luminescence properties o§MigEuU(PQ); prepared under different conditions.

2. Experimental section

CaMgR(POy)7 (R = La, Pr, Nd, SmLu, and Y) were synthesized by a standard solitksta
method in air. Stoichiometric amounts of MgO (99)0%H;H.PO, (99.999%), CHPOy).
(99.0%), andr,03 (P011 or ThhO;) (99.9%) were heated in alumina crucibles at 87#8rKL2 h
followed by annealing at 1323473 K for 30 h for four times (with grindings atesy step; the
total annealing time at 1323473 K was 120 h). In order to determine the inflzesof sample
preparation conditions on Eudistributions among positions of tifeCa(PQy)--type structure,
synthesized GMgEuU(PQ); (sample I) was annealed and cooled under differentlitions: at
1003 K for 6 h followed by slow cooling from therealing temperature to room temperature
(RT) (sample II) and at 1243 K for 6 h followed @pyenching from the annealing temperature to
liquid nitrogen (sample III).

Powder X-ray diffraction (PXRD) patterns were coted at RT with a SIEMENS D500 Bragg-
Brentano-type powder diffractometer equipped withiacident-beam quartz-monochromator
(CuKq; radiation,A = 1.5406 A) and a BRAUN position-sensitive detec®ilicon was used as
an external standard. PXRD data were collected ft6Mmto 140° in 2 with a step of @1°. The
Rietveld analysis was performed using the JANA2p@yram package [47].

Synchrotron PXRD data for @dgEu(PQ); (samples Il and Ill) were measured on a large
Debye—-Scherrer camera at the BL15XU beamline oin§F8 [48, 49]. The intensity data were
collected from 1° to 62° in@2with a step of 0.003°; the incident beam was mbrmuoatized at

A = 0.65297 A. The samples were packed into Lindenglass capillaries (inner diameter 0.1
mm), which were rotated during the measurement. @bgorption coefficients were also
measured, and the Rietveld analysis was perforraed UJANA2006 [47].

Selected area electron diffraction (SAED) pattesh€aMgEu(PQ); (sample 1) from 293 to
1063 K were obtained using a Philips CM20 transimimsglectron microscope equipped with a
double-tilt heating holder. Samples for transmisstectron microscopy (TEM) were prepared

by crushing powders in agate mortars and dispersiag in methanol. After treatment in an



ultrasonic bath to disperse crystallites, a fewpdrof the dispersion were placed on copper grids
with a holey carbon film.

The second-harmonic generation (SHG) response wofd@o samples was measured in a
reflection mode. A Q-switch pulsed Nd:YAG laser m@gieng atA, = 1064 nm was used as the
radiation source with a repetition rate of 4 impslger second and a duration of impulses of
about 12 ns. The experimental set-up was descelssivhere. The optical nonlinearity of the
materials was evaluated relative to miuartz reference (polycrystallineSiO, with 3-5 pm
particles size)],,/12,(SIO,). In fine powders),,/l12,(SIO,) is a quadratic function of spatially
averaged components of the optical nonlinearitgdef50]. The incident beam peak power was
about 0.1 MW on a spot of 3-mm diameter on theas@rf the sample. Taking into account that
l20/120(SIO;) should ideally be zero in centrosymmetric medewsed it as an indicator of the
presence or absence of the center of symmetryrimaterials.

Differential scanning calorimetry (DSC) measurersenere performed on a NETZSCH DSC
204 F1 calorimeter from 303 to 873 K (heating/coglrate was 10 K/min) in a nitrogen flow
(40 ml/min).

Electrical conductivity @), dielectric permittivity £), and dielectric loss tangent (&@gwere
measured on a Novocontrol Beta-N impedance-analgzarProboStat measuring cell using the
double-contact method in a frequency range of 1A Wiz on heating with 2 K/min between
290 and 1200 K; ceramic pellets were 5-6 mm in é@mand 1.5-2 mm in height. A platinum
paste was put on flat surfaces of pellets and Heatgive Pt electrodes. The density of ceramic
samples was above 90 % of the theoretical derenity,a typical particle size was about 20-30
pum.

Photoluminescence emission (PL) and photoluminesceexcitation (PLE) spectra were
recorded on a Lot-Oriel MS-257 spectrometer equdppéth a Marconi CCD detector and
150WXe arc as an excitation source. Photoluminescepectra of all samples were measured
under nearly the same conditions to reduce an.edbmeasurements were performed at RT

and corrected for the sensitivity of the spectranet

3. Resultsand discussion

3.1. SHG, DSC, and didlectric measurements

Very weak SHG response (< 0.1) was detected i€aMgR(PQOy); (R = La, Pr, Nd, SmLu,
and Y); this fact strongly suggests centrosymmefystal structures.

Temperature dependenciescofind ta@ at different frequencies are given in Figs. 1 anfr
some CaMgR(PQ,); compounds. Similar behavior ofT) and taa(T) was observed for other
samples. As shown in Fig. 1, a(ll) curves demonstrate a characteristic maximumcari@in



temperature depending on tR&* cation. The temperature position of the dielecamomalies
does not depend on frequency. Such an anomaly eattiibuted either to a ferroelectric [5-7]
or an antiferroelectric phase transition [8, 9]e®ibsence of any anomalies on thé@ncurves
(Fig. 2) allows us to classify the phase transitasnan antiferroelectric phase transition. Thus,
the presence of an antiferroelectric phase tramsgupports the results of the SHG studies that
the crystal structures of all gdgR(PQ,); compounds are centrosymmetric.

Fig. 3 displays a fragment of typical heating/cngIDSC curves for some gagR(P(Oy);. DSC
anomalies are observed whose positions agree \itéllthe dielectric constant anomalies. DSC
curves indicate the presence of only one peak @atirig) for each sample. Phase transition
temperatures lie in the range from 705 to 862 KddEnermic (on heating) and exothermic (on
cooling) effects with noticeable hysteresis sugdiest-order reversible phase transitions. The
enthalpy AH values) of the transitions and phase transitionpgratures are summarized in
Table S1 of the Supporting information.

3.2. PXRD and SAED studies

PXRD patterns of GMgR(PQy)7 (R = La, Pr, Nd, SmLu, and Y) were similar to those of other
B-Ca(POy)2-type compounds. Indexing results and lattice patars have been reported in the
Powder Diffraction Files, for exampla,= 10.3600 A ana = 37.0853 A for CaMgEu(PQ),
(PDF Card 45-0551; Table S1 in Supporting Inforowati The lattice parameters monotonically
increase from Lu to La (Fig. S1 in Supporting Imi@ation). The absence of any impurity
reflections showed th&* and Md" cations were completely incorporated into fr€ay(PQy)-
type host lattice.

The [0001]*, [L20]*, [1101]* and [1A0]* SAED patterns of CéMgEu(PQ); at RT are shown
in Fig. 4, they were very similar to those of otBe€a(POy),-type compounds [5, 51, 52]. All
reflections on the SAED patterns could be indexedaitrigonal system with the lattice
parameters determined from PXRD data.

The [1220] diffraction pattern exhibited a rhombohedral shifthe reflection rows along by

h ¢'/3. Reflections on the SAED patterns obeyed theviohg reflection conditions+h + k + 1 =

3n for hkil, h +1 = 3n andl = 2n for hhOl, | = 3n for hh2hl, andl = 6n for 004 (in the hexagonal
axes). This fact suggested only one centrosymmspace groupR3c (taking into account the
results of the SHG and dielectric studies). Thes@mee of reflections with= 3n (n = 2m + 1)

for 000 on the [1Q0] diffraction pattern can be explained by multipliéfraction. Indeed, the
intensities of these reflections were systemaiidaliver than those with= 6n and on tilting the
sample around the [0Qaxis, these reflections further weakened andshed. Moreover, these

reflections withl = 3n (n = 2m + 1) for 000 were not observed on the PId]" diffraction pattern.



Heating of CaMgEu(PQ); from 293 to 1063 K resulted in an evolution of {i610]* SAED
patterns. Intensities of th#12hl: | = 3n and 000 | = 3n (n = 2m + 1) reflections decreased with
increasing temperature and vanished at 1073 K &igrhe disappearance lai2hl: | = 3n and
00d: | = 3n (n = 2m + 1) reflections oR3¢ space group together with the SHG results indscate
a phase transition from space grdBr to R3m with halving of thec lattice parameter. This fact
supports the AFE nature of the phase transitiorbf&jause unit-cell dimensions do not usually
change during FE phase transitions [51, 52].

3.3. Crystal structurerefinements of CagM gR(PO.,)~7

The first three reflections (012, 104, and 006) PXRD patterns of GMgR(P(Oy); were
broadened in comparison with other reflections .(Big and background was fitted poorly in the
260range of 16816°. For this reason, a part of the XPRD patterns fidhto 16 was excluded
during the structure refinements of @ER(PQy);.

The structural data for the high-temperatffeCaln(PQy); phase [51] were used as a starting
model for the refinements of the structures ofMER(PQy)7 in the R3¢ model. Mg" ions were
placed at thé/I5 site.R** and C4&" ions were located at thd1 andM3 sites. TheM2 position is
absent in theR3c structure; however, we kept the same positiontionis as in the parerf-
Ca(PQy)o-type structure]. At the first stage, theurves for C& (in theM1 andM3 sites) and
Mg®* (M5 site) were used, and all the parameters of thidainwere refined. The analysis of the
occupancies demonstrated (Table S1 of the Suppgariformation, nc, and mwg) that theR*
cations are distributed between t1é andM3 sites in CeMgR(PQy); with R = La—Ho, and just

in oneML1 site forR = Er—Lu. The occupancy of thd5 site by Mg" was close to unity foR =
Pr—Er and Yb (parameters\vaere close to 1/6) (Table S1 of the Supportingnmiation) while
the parameter; dor the M5 site forR = La, Tm, and Lu was slightly larger than 1/6 cating
that a small amount of acations is located at thé5 site M5 =n Mg** + (1) C&™).

Two disordered elements exist in tRBc structure of CaMgR(PQy)7: 1) cation disordering at
the M3 sites and 2) disordering of P1®@trahedra. Th#13 and P1 positions in tH&3c structure
are located near the positions with the site symewetl& (1/2,0, 0) and & (0, 0, 1/4),
respectively. However, the refinement of a modeéhwi3 and P1 fixed at those special positions
resulted in very large atomic displacement pararsgtds, = 0.131(2) & for C&* at M3 and
Uiso. = 0.181(6) & for P1 (in case oR = Eu). For this reason, the refinement of thecstmes of

all CaMgR(PQy); was performed with a displacement of the phosphatoms at the P1 site
from the @& special position to a half-occupied special pogit(site symmetry X3 and a
displacement of th&13 positions with the site symmetryd & a half-occupied position with

site symmetry 36



At the second stage, the distribution of fRE cations between thkl1 andM3 sites in the
CaMgR(PQy); structures was refined considering their multiibs M1 =n C&* + (1) R**
andM3 =n C&" + (0.5n) R*"). For the samples witR = Er-Lu, the refined occupancy for the
M3 site,nrs, was close to 0. Thusgs was fixed at 0 andg; was fixed at 1/6 in the last stage of
the structure refinements of {4gR(POy)7 with R=Er-Lu and Y.

The reliability factordRy andR, showed a good agreement between experimentalacualated
PXRD patterns. As an example, Fig. 7 displays gnfient of the observed, calculated, and
difference PXRD patterns of gMgEuU(PQ); (sample 1). Other numerical characteristics
illustrating the quality of the structure refinenterare presented in Table S1 of Supporting
Information. The fractional atomic coordinates,tiepic atomic displacement parameters, and
cation occupancies for gdgR(PQy); are listed in Table S2 of Supporting Informatidine
main interatomic distances for agR(PQy); are listed in Table S3 of Supporting Information.
Fig. 8 shows that there is a correlation betweensike of the site, the cation radius, and the
occupation factor: the small cations (Er-Lu) occopyy the smalM1 site, the largest ones (La—
Pr) showed a strong tendency to preferably occhpyargeMa3 site, whereas other cations (Nd—
Ho) occupy both thd1l andM3 sites. In CgR(AO,); (R = Th-Lu; A=V [12] and P [23]) the
M3 site is occupied only by &afor A = V and by C&" andR®** cations forA = P, whereas this
site is occupied only by Gaions forR = Er-Lu in CaMgR(PQ,)7. In most of CaMgR(PQ,);
compounds (except fa® = La, Tm, and Lu), thé/5 site is occupied only by M§ions (Table
S2 of the Supporting information) in comparisonhn@aR(VO,)7 [12] and CaR(POy); [23] (R

= Tb-Lu) whereR®*" cations partially occupy thd5 site. In CaR(VO.,); [20-22] and CsR(PO,);
[23] (R = La and P+Gd), theM5 site is occupied only by &aions. Thus, the small M§ions
preferably occupy th#5 site, prohibiting the location &* ions in this site for all compounds
CaMgR(PQy)7.

Fig. 9 shows two neighboring columns of thg3-Ca;(POy).-type structure with vacai4 and
M6 sites in the ferroelectriB3c phase and in idealized paraelecf@m and antiferroelectric
R3 ¢ phases with ordered P1Qetrahedra. Note that in the average paraelectrid
antiferroelectric phases, P1@trahedra are disordered as mentioned before.rnBighboringA
columns along the 3-fold axis in the antiferroaliecphase could have opposite orientations of
P1Q, tetrahedra (Fig. @ while P1Q tetrahedra are oriented in one direction in thieo@dectric
phase (Fig. B) and make a certain contribution into ferroelectand nonlinear optical
properties. The phase transition from the antifdactric phase into the paraelectric one could
be accompanied by a rotation of half of the PtE@ahedra. Th#¥1 andM2 sites (site symmetry



18b) of the ferroelectridR3c phase are combined into one position with siteraginy 36 in the

antiferroelectric phas3c.

3.4. Crystal structure refinements of CagMgEu(PO4)7 samples prepared under different
annealing and cooling conditions

The structural data for @dgEuU(PQ); (sample I) were used as a starting model for eafients

of crystal structures of GeIgEU(PQ); (samples Il and IIl) using synchrotron PXRD dathe
reliability factorsRy and R, showed a good agreement between experimental alndlated
synchrotron PXRD patterns. Other numerical charesties illustrating the quality of the
structure refinements are presented in Table 1. ffleional atomic coordinates, isotropic
atomic displacement parameters, and cation posibiccupancies for both @AgEuU(PQ);
samples are listed in Table S4 of the Supportif@ynation, and main interatomic distances - in
Table S5 of the Supporting information.

The Rietveld analysis of laboratory and synchrotRXXRD patterns reveals that preparation
conditions practically do not affect the distritmutiof C&* and Ed* cations among the structure
positions. In accordance with Tables S2 and ShefSupporting information, the determined
occupancy oM1 andM3 by EU* cations lies in the range from 4.05 atoms (0.1883%0 4.50
atoms (0.1251x36) for th&11l position, and from 1.50 atoms (0.0416x%36) to 1886ms
(0.0543x%36) for théM3 position.

3.5. Luminescent properties of Eu**-containing samples

PLE and PL spectra of @dgEu(PQ); (sample 1) are shown in Fig. 10. The PLE spectrum
consists of intraconfigurationaf°44f° transitions of Eti in the host lattice in the 310-500 nm
region and a broad band in the 250-310 nm regiba.bFoad excitation band is attributed to the
O(2p)-EU** charge transfer (CT) transition. The most inteBs&" 4f—4f excitations can be
attributed to théFy — °Lg transitions.

PL spectra of GdMgEu(PQ); samples are shown in Fig.ld@nd Fig. 11 after excitation at the
"Fo — °Lg transition of Ed" located at 395 nm. PL spectra in the spectralgdrgn 570 to 650
nm demonstrate the typical red emitting featuresEat’, including °Do — ‘F; (J = 0-4)
emissions (Fig. 1). >Do—'F, forced electric dipole transition at ~ 615 nm @minant and
indicates that the site symmetry of the*Eposition possesses no inversion centre [54-55].
Emission wavelengths of these 4f-4f transitions ardy moderately influenced by the
environment of the lanthanide ions since the péyrtidled 4f shell is well shielded by the filled
5s and 5p orbitals. TH¢Do — 'F.)/I(°Dy — 'F1) ratio is often referred to as the asymmetry ratio
[56]. For CaMgEu(PQ); samples prepared under the different conditioms,vialues of this



ratio at RT are in the range of 4.24-4.27, in agrest with othe3-Ca(POy),-based materials
[24, 57-59] except for GaVigx(POy)14EU** (1(°Do — ‘Fo)/I(°Dy — ‘F1) = 7.0) [33]. The high
values of this ratio indicate that the local symmeround E&' cations is non-centrosymmetric.
Moreover, the multiple splitting of th#, — ‘F; transition and the unusually high intensity of
the °Do — 'F4 transition (Fig. 1B) also originate from the low symmetry of the oxyge
environment of the Efi cations [60].

Fig. 11 shows parts of PL spectra ofsRIgEu(PQ)7 (samples I, Il, and 1ll) in the range of the
°Dy — 'Fo and®Dy — ', transitions of E. The®Dy — 'Fq transition in the region 575-582 nm
deserves the special attention. Since this tramsi§ forbidden, both for electric and magnetic
dipole interactions, the intensity can be very lomeven non-observable. Yet, fGf symmetry
the transition is induced, so a peak can be exgedtehat position. As splitting of the initial and
final level, both characterized kly= 0, is not possible, the number of bands obsefoedhe
°Dy — 'Fp transition on PL spectra indicates the number oh-equivalent sites for the
luminescent E%i ions. The emission intensities for samples lafig 11l were slightly different.

It is difficult to give an unambiguous reason foistobservation. It could be caused either by the
normalization process of the spectra or by a tmy, observable, difference in the occupation
factors (the amount of Eliat theM1 site decreases from sample 1l to sample | topsarit).
Benhamou et a[57] gave a summary of the relationship betweetritlistions of Ed* cations
among sites of th@-Ca(PQy),-type structure (in GEu(PQ);) and its optical properties. The
energy positions oIDy; — ‘Fo bands for non-equivalent Eucenters were related to the mean
length of Eu—O bonds’Dy — 'Fo/°Dy — 'F1 intensity ratio and lifetimes of theDy — "Fo
emission. TheéDy — 'F, transition shifted toward shorter wavelengths Ifeigenergy) and the
emission lifetime decreased with increasing Eu-Qadices and distortion of the Ewxygen
environment. In accordance with these relationgettvands in the region 575-582 nm observed
for the° Dy — ‘Fy transition on the GEu(PQ); PL spectrum [57, 61] were associated with the
Eu®* cation occupation df13, M1 andM2 sites of thé-Cas(PQy), (R3c) structure, respectively.
In contrast to other compounds [24, 26, 57-59] Wwseove only one peak for all S4gEuU(PQ);
samples (Fig. 1d), the local environment of the Euions probably remains the same over the
whole crystal [62]. The position and the linewidihthe Dy — 'Fo band practically does not
change when changing the annealing and coolingitonsl (~579 nm). A similar picture is
observed for positions and linewidth of tf® — 'F, bands (Fig. 14).

The point group ofi-Ca(PQy) is Cs,. However, theM1, M2, andM3 sites in thg3-Ca(POy).-
type structure hav€,; symmetry. For example, thd—O distances in GRu(PQ); structure vary
from 2.240 A to 2.860 A, from 2.320 A to 2.780 Ao 2.330 A to 2.880 A for th10;,
M2Q0g, andM30s polyhedra, respectively [57]. THd30gs polyhedron has the longest average



M3—-0 bond length (@.3.0=2.577; dcasz.0=2.602 A) and the largest distortion, or the difere
between the shortest and the longest bond lenglisgerved for the Eu3Jolyhedron £=22.9
%). The CaEu(PQ); structure refinement shows that *Ewcations occupyl8-fold M1-M3
positions of thg3-Ca(POy), (R3c) structure with the ratio Eul:Eu2:Eu3=0.159:0.00068 [57].
The determined occupancies dfi1+M2 and M3 by EUG* cations are 4.8 atoms
((0.159+0.107)x18) and 1.2 atoms (0.068x18).

The substitution of Mg for C&" in CaEu(PQ); with the formation of G&MgEu(PQ)- leads to

a significant increase of the amount of°’Eat theM3 site (1.7 atoms (0.0461x36) and to a
decrease of the occupationMi (36-fold) by EG?* (4.3 atoms ((0.1205)x36) of tiR3c structure
(with Tables S2 and S4 of the Supporting informatidMoreover, the substitution of Mgfor
Cd" results in the decrease of the difference betwieermveragdl—O bond length in th®110y
and M30; polyhedra (dwi-o>= 2.463-2.466; dis.0>= 2.538-2.547 A) and the increase of the
distortion of theM30Og polyhedra fromA = 22.9 % in CgEu(PQ); to A = 23.7-23.9 % in
CaMgEu(PQ); (Tables S3 and S5 of the Supporting information).

4. Conclusions

We used a combination of second-harmonic generalfiefectric measurements, electron
diffraction, and structural analysis to show thasNIgR(PQy); (R = La, Pr, Nd, SmLu,
and Y) crystallize in centrosymmetric space gréBz in comparison with the parent
compound$-Ca(PQy)2 and CaR(PQy)7 (R = La, Pr, Nd, SmLu, and Y), which adopt a
polar R3c structure. Reversible antiferroelectric first-argdase transitions were detected
by dielectric and differential scanning calorimetmgasurements and electron diffraction.
We found thatR®* cations are distributed between & andM3 sites in a systematic
way depending on the size &F"; this information could be helpful in designing
luminescent properties of these materials. We sHotmat synthesis conditions of
CaMgEu(PQ); do not affect the distribution of &aand Ed" cations between the
structure sites and do not change its luminesceopepties. All CgMgEuU(PQ);
phosphors emit intense red light dominated by’g— ‘F, transition at ~614 nm. In
contrast to othe3-Cay(PQy).-type compounds, only one band is observed for the

°Do — Fo transition.
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Table 1 Crystallographic Data for GBIgEU(PQ); samples (S&3c, Z = 6, andl = 293 K)

Sample Il Sample llI

Preparation conditions from
CaMgEu(PQ); (sample 1)

Lattice parameterst, A

at 1003 K followed by at 1243 K followed by
slow cooling to RT
10.36157(6)

quenching to liquid KN
10.36191(7)

c, A 37.09945(4) 37.1027(3)
Unit cell volume, & 3449.45(4) 3449.97(4)
Calculated density, g/chn 3.35539(4) 3.35488(4)
Data Collection
Radiation/ Wavelength, A Synchrotron / 0.65297
Calc./exp. abs. coef, mmi* 4.046/2.23 4.044/1.85
F(000) 3384
28range used, deg 6.161-37.608 6.335-39.555
20 step scan, deg 0.003
I max 178240 174991
Number of points 10334 11123
Refinement
Refinement Rietveld

Background function

No. of all reflections

No. of all refined parametersb4/36

atomic parameters

R andR,, for Bragg reflections, %
R, Rup, Rexp %0

Goodness of fit (ChiQ)
Max./min. residual density, efA
Selected crystal structure data
Occupation oM1

Occupation oM3

Legendre polynomials, 20 terms

388 450
64/36
2.38 and 3.36 3.42 adb 4.
2.10, 2.94, 0.76 2.40, 3.37, 0.77
3.88 4.38
0.57/-0.28 0.68/-0.34

0.8749CA&'+0.1251E4"
0.4584C4&'+0.0416Ed"

0.8877C&+0.1123E4"
0.4457C&+0.0543Ed"



Figure captions.
Fig. 1 Temperature dependencies of dielectric @mgt(T), for CagMgR(PO); with R = (a) Pr,
(b) Th, and (c) Lu.

Fig. 2 Temperature dependencies of dielectric tasgent, tad(T), for CaMgR(POQy)7 with R =
(@) Pr, (b) Th, and (c) Lu.

Fig. 3 A fragment of heating (solid lines) and éogl(dotted thick lines) DSC curves for some
CaMgR(PQy)7. Heating/cooling rate is 10 K/min.

Fig. 4 Selected area electron diffraction pattexiosig the main zone axes of #EU(PQ);

(sample I) at room temperature.

Fig. 5 [1010]* electron diffraction patterns of @dgEuU(PQ); (sample 1) at different

temperatures.

Fig. 6 Parts of laboratory XPRD patterns okgR(PQy); (R = La, Pr, Gd, and Lu) in the@®

range of 10-20°. Indexes of the observed reflestame given.

Fig. 7 A fragment (16—64°) of observed, calculatetj difference laboratory PXRD patterns for
CaMgEu(PQ); (sample I). Tick marks denote the peak positidisossible Bragg reflections.

Fig. 8 Number oR** cations at thé11 andM3 sites in the whole unit cell in the structures of
CaMgR(PQy); (Z = 6) as a function d®®" radii for 8-fold coordination i (R**) [53].

Fig. 9 Two neighboring so-calle8l columns in thg3-Ca(PQy),-type structure with vacamii4
and M6 sites. The location of some Pjl@etrahedra is emphasized by the arrows. (b)
FerroelectricR3c phase. (a) ParaelectriR3m and (c) antiferroelectri®3c phases; ‘idealized’
orientations of P1@Qtetrahedra in these phases are shown because iavdrage structures,
P1Q tetrahedra are highly disordered.

Fig. 10 (a) Room temperature photoluminescence taiam @(en = 615 nm) and (b)
photoluminescence emissiok(= 395 nm) spectra of @dgEu(PQ); (sample I). CT: charge

transfer.



Fig. 11 Parts of room temperature photoluminescesroession spectra of @EgEuU(PQ);

(samples I, 11, and 11} for (&)Do — 'Fo and (b)’Dy — ‘F- transitions.
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Fig. 4 Selected area electron diffraction patteriomg the main zone axes of ¥yEU(PQ)~

(sample I) at room temperature.



Fig. 5 [1010]* electron diffraction patterns of @dgEuU(PQ); (sample 1) at different

temperatures.
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CaMgR(PQy); (Z = 6) as a function d®®" radii for 8-fold coordination i (R**) [53].
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Fig. 9 Two neighboring so-calledl columns in the3-Ca(PQy).-type structure with vacai4
and M6 sites. The location of some Pjl@etrahedra is emphasized by the arrows. (b)
FerroelectricR3c phase. (a) ParaelectriR8m and (c) antiferroelectri®3c phases; ‘idealized’
orientations of P1Qtetrahedra in these phases are shown because iavdrage structures,
P1Q, tetrahedra are highly disordered.
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Fig. 10 (a) Room temperature photoluminescence taia @(en = 615 nm) and (b)

photoluminescence emissiok.(= 395 nm) spectra of @dgEu(PQ); (sample I). CT: charge

transfer.
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Fig. 11 Parts of room temperature photoluminescesroession spectra of @EAgEuU(PQ),

(samples I, 11, and 111} for (&)Do — “Fo and (b)’Dy — ‘F- transitions.



Crystal structures of CasMgR(PO4)7 (R = rare-earth elements) luminescent materials
were studied.

CasMgR(PO4)7 crystallize in centrosymmetric space group R-3c in contrast to their
parent compound.

Distribution of rare-earth elements among structural sites was established.

Antiferroelectric properties were detected in all samples.



