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We successfully grew langbeinite-type structures containing Ti*" and Ln3" ions as
M, Ti—xLNny(PQOy)s crystals (M = K* or Rb* and Ln = Er®* or Yb®") by high-temperature-
solution methods. We took accurate composition measurements of these crystals, paying
special attention to the lanthanide contents. We resolved the structure of the Rb,Tiy 01Ero.99-
(POy)s crystal and studied the evolution of this structure with the temperature. We found
that this compound decomposed at 1323 K. We made a preliminary study to check the
nonlinear optical properties of these materials, showing that the second-harmonic generation
efficiency of the Rb,Ti; 01Ero99(PO4)s was at least similar to that of potassium dihydrogen

phosphate.

Introduction

Compounds that contain mixed-valence cations, for
example, TidT—Ti*", have interesting properties for
catalysts, nonlinear optics, molecular sieves, ion ex-
changers, and ionic conductors.! In particular, lang-
beinite-type compounds, such as MyTi»(POg4)3 (M = Na™,
Xx=1-3; M =K', x=15-2; M = Rb", TI*, x = 2) have
been used as superionic conductors.?3

In the study of the crystallization region of RbTiOPO,4
(RTP) doped with Er or Yb and co-doped with Nb and
Er or Nb and Yb (a material with important nonlinear
optical properties and possibilities of a efficient laser
emission),* new langbeinite structures with the general
formula Rb,Tiz—yx—yLNyNby(PO4)s with Ln = Er or Yb
have been found as boundary phases to these crystal-
lization regions.

Langbeinite-type structures belong to cubic system
with the P2;3 space group. The framework contains
isolated PO, tetrahedra, each sharing its four corners
with a TiOg octahedron. Reciprocally, the TiOg are
isolated and linked to six PO, tetrahedra.® Incorporating
lanthanide ions into this structure opens up a new
application for these crystals: laser emission. Other
langbeinite-type compounds containing lanthanide ions
have already been grown, but this possibility was not
pointed out.®
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In this paper we study the possibilities of obtaining
these types of structures from high-temperature solu-
tions in the Rb,O—P,05—TiO, system, by partial sub-
stitution of TiO, with Ln,O3 or Nb,Os. We also did a
parallel study to determine whether the same langbein-
ite phase can be obtained by completely substituting Rb
with K. We carried out single-crystal diffraction analysis
of Rb,Ti101Ero.99(PO4)3 and determined its morphology.
As this structure is not centrosymmetric, we made a
preliminary study of the possibilities of second-harmonic
generation.

Experimental Section

Crystal Growth and Identification of Crystalline
Phases. It is difficult to obtain materials that contain transi-
tion metals with mixed valence. Methods in the literature
include the reduction of the metal with the higher valence by
adding metallic powder and maintaining the mixture at a high
temperature for several days,? or controlling the oxidation of
the initial metals, that are introduced with the lower valence.!
However, only very small single crystals have been obtained
so far. In our case, we did not use mixed-valence transition
metals. Instead, we used two different metals with two
different valences (Ti*" and Er3t or Yb3"). This made it easier
to grow these materials.

The crystal growth experiments were carried out in a
vertical tubular furnace with a Kanthal AF heater. The
temperature was controlled with a Eurotherm 818P controller/
programmer connected to a thyristor. The temperature near
the heater was measured with an S-type thermocouple.

We obtained langbeinite-type compounds when we studied
the crystallization region of RTP in the Rb,0—P;0s—TiO,
system, with a partial substitution of TiO, by Er,O3 or Yb,03
or combinations of Nb.Os with one of these lanthanide oxides
(see Table 1). In the literature, the RTP structure is tradition-
ally studied parallel to its well-known isomorph KTP (the most
used nonlinear optical material in doubling the near-IR laser
emissions). We therefore carried out a systematic study for
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Table 1. Solution Compositions Studied and the Chemical Composition of the Crystals Obtained

solution composition (mol %)

exp.

number Rb,O K20 P20s TiO2 Er,03 Yb203 Nb2Os crystal composition crystal color

1 44.8 0 33.1 22.0 0 0 0 RbTiOPO4 colorless

2 44.8 0 33.1 21.1 0 0.9 0 sz_oeTio_gngl_oz(PO4)3 colorless

3 43.1 0 31.9 25.0 0 0 0 RbTiOPO4 colorless

4 43.1 0 31.9 24.0 1.0 0 0 RbTio,997EI’o,oo3OPO4 pale plnk

5 43.1 0 31.9 23.5 1.5 0 0 RbTio,ggeEl’o,oosOPO4 pale pink
Rb1.99Ti0.84Er1.16(PO4)3 pink

6 43.1 0 31.9 23.0 2.0 0 0 Rbl,ggTio‘goEl’llzo(PO4)3 plnk

7 43.1 0 31.9 23.2 1.2 0 0.5 szAooTi0A75Er1.17Nbo,o7(PO4)3 pink

8 43.1 0 31.9 23.0 1.0 0 1.0 Rb2_01Ti0_64EI’1_1gNbo_17(PO4)3 pink

9 43.1 0 31.9 22.5 1.0 0 1.5 Rb2.01Ti0,53Er1,23Nb0.24(PO4)3 plnk

10 43.1 0 31.9 22.0 1.0 0 2.0 sz,ozTioAsErl,zsNbo,27(PO4)3 pink

11 43.1 0 31.9 21.7 1.0 0 2.2 Rb2_03Ti0_43Er1_27Nbo_30(PO4)3 pil’]k

12 43.1 0 31.9 235 0 15 0 Rb2.05Ti0.81YDb1.19(PO4)3 colorless

13 43.1 0 31.9 23.2 0 0.7 1.0 Rb2,07Ti0‘65Yb1,18Nbo,17(PO4)3 colorless

14 43.1 0 31.9 22.7 0 0.7 1.5 szAogTierlellzzNbo,17(PO4)3 colorless

15 43.1 0 31.9 22.2 0 0.7 2.0 sz_lzTi0_47Yb1_27Nbo_ze(PO4)3 colorless

16 43.1 0 31.9 22.2 0 0.5 2.2 sz,lzTierYbl,zsNbo,zg(PO4)3 colorless

17 42.9 0 35.1 22.0 0 0 0 RbTiOPO4 colorless

18 42.9 0 35.1 21.6 0.4 0 0 RbTiOPO4 pale pink

19 42.9 0 35.1 21.3 0.7 0 0 RDb1.93Ti1.01Er0.99(PO4)3 violet

20 429 0 35.1 20.9 1.1 0 0 szTi1,01Ero,99(PO4)3 violet

21 42.9 0 35.1 21.1 0 0.9 0 szTio_gngl_oz(PO4)3 colorless

22 40.8 0 27.2 29.1 0 1.6 1.3 RbTiOPO4 colorless
Rb1,97Ti0‘48Yb1,38Nbo,14(PO4)3 colorless

23 40.8 0 27.2 28.8 0 1.9 1.3 Rb1A97Ti0A45Yb1,43Nbo,lz(PO4)3 colorless

24 40.8 0 27.2 29.1 0 1.3 1.6 RbTiOPO4 colorless
Rb1,97Ti0‘48Yb1,39Nbo,13(P04)3 colorless

25 40.2 0 29.7 30.0 0 0 0 RbTiOPO4 colorless

26 40.2 0 29.7 28.5 0 1.5 0 Rb2.0sTio.s1Yb1.18(PO4)3 colorless

27 37.0 0 37.0 26.0 0 0 0 RbsTizO(P207)(PO4)3 colorless

28 37.0 0 37.0 25.2 0.8 0 0 Rbl,ngilAloErolgo(PO4)3 violet

29 37.0 0 37.0 24.6 1.4 0 0 Rbl_ngil_osEro_g4(PO4)3 violet

30 37.0 0 37.0 23.7 2.3 0 0 ErPO4 pink

31 0 374 41.5 21.0 0 0 0 KTiz(POa)s colorless

32 0 37.4 41.5 20.3 0.6 0 0 Ko.geTi1,97Ero,02(PO4)3 pale pink

33 0 37.4 41.5 19.9 1.1 0 0 Ko_g7Ti1_97Ero_02(PO4)3 pale pink

34 0 37.4 41.5 19.2 1.8 0 0 K1,78Ti1,15Er0,35(PO4)3 violet

obtaining the Er-containing langbeinite structure by com-
pletely substituting Rb with K (also see Table 1). Rb,COs3, K-
CO3, NH4H2PO4, TiO,, and Nb,Os with purities of above 99%
and Er,0; or Yb,O3 with purities of above 99.9% were used as
starting reagents.

The solutions, which weighed about 20 g, were prepared in
platinum crucibles of 25 cm®. We mixed and decomposed the
initial reagents by heating them until the bubbling of NHj,
H,0, and CO, was complete. The solutions were homogenized
for several hours at temperatures of 1313—1353 K. The axial
thermal gradient was about 15—20 K/cm, hot bottom.

When the solution was homogeneous, we decreased the
temperature in 10 K steps every 30 min until crystals appeared
on a platinum wire immersed in the solution. We then
decreased the temperature between 10 and 20 K at a rate of
1-2.5 K/h to obtain a higher amount of macroscopic crystals.
The phase that crystallized from each solution composition was
preliminarily identified by direct observation in an optical
microscope and then by X-ray powder diffraction analyses
using a Siemens D-5000 X-ray powder diffractometer. We
observed some of these crystals in greater detail and photo-
graphed them in a scanning electron microscope (SEM) JEOL
JSM 6400.

EPMA Measurements. We analyzed the chemical compo-
sition of the crystals by electron probe microanalyses with
wavelength-dispersion spectroscopy (EPMA-WDS) in a CAM-
ECA SX-50 operating at 25-kV accelerating voltage and 30-
nA electron current for Rb, Ti, P, and O and 100 nA for Er,
Yb, and Nb. We used an RTP crystal, grown by us, as the
standard for measuring Rb, Ti, P, and O and a synthetic glass
(REEL1) containing 4.09 mol % of Er as standard for Er, YbF;
for Yb, and LiNbO; for Nb. The analyses were made using the
lines Rb Lo and P Ka measured with the TAP crystal, Ti Ka

and Nb La measured with the PET crystal, O Ka measured
with a W/Si multilayer crystal (2d = 60 A), and Er Lo and Yb
La measured with the LiF crystal. The measurements were
integrated for 10 s for Rb, Ti, P, and O and 30 s for Er, Yb,
and Nb. The accuracy of the measurements was 1.2% for K,
Rb, and Ti, 1.4% for P, 2.6% for O, 3.37% for Nb, 2.4% for Er,
and 1.1% for Yb. We corrected the raw intensities for the
effects of dead time, background, and matrix using the PAP
correction procedure.”

X-ray Diffraction. We performed single-crystal X-ray
diffraction using a MAR-Research MAR-345 diffractometer on
an as-grown single crystal of Rb,Ti1.01Ere.9e0OPO,4 and resolved
the structure by Patterson synthesis. Tables 2—4 show details
on crystal data, data collection, and refinement.

We performed X-ray powder diffraction studies of Rb,Tigs1-
Yb119(PO4); using Cu Ko radiation collected on a Siemens
D5000 powder diffractometer in a 6—6 goniometer using
Bragg—Brentano parafocusing geometry. The goniometer was
fitted with a curved graphite diffracted-beam monochromator
and a scintillation counter as the detector. The cell parameters
of the crystals and the occupation factors were calculated from
the powder diffraction data obtained at 20 = 10—70°, ss =
0.03°, st =5, at 298 K. The structure of Rb,Ti1.01Er0.99(PO4)s,
obtained by single-crystal X-ray diffraction, was used as the
starting model for refining the structure of Rb;Tigs1Yby.10-
(POy)s.

To study the linear thermal expansion tensor of Rb,Tiq 01-
Ero.99(PO4)s, we performed X-ray powder diffraction studies
with the previously mentioned equipment equipped with an
Anton-Paar HTK10 platinum ribbon heating stage. The cell
parameters of the crystals were calculated from the powder

(7) Pouchou, J. L.; Pichoir, F. Rech. Aerosp. 1984, 3, 13.
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Table 2. Crystal Data, Data Collection, and Refinement of Rb,Ti101Ergg9(PO4)s3

Crystal Data

Rb,Ti1.01Er0.99(PO4)3
formula weight = 669.22

cubic

P2,3
a=10.1580(10) A
a=p=y=090°

V = 1048.15(18) A3
Z=4

Dy = 4.241 Mg m—3
Dm = (not measured)

Mo Ka radiation

A =0.71069 A

cell parameters from 10798 reflections
0 = 2.84—33.12°

u=18.355 mm~!

T=293(2) K

equidimensional

0.2-mm diameter

violet

Data Collection

MAR-Research MAR-345 diffractometer

@-scan

absorption correction: ¢-scan
10798 measured reflections
741 independent reflections
740 reflections with 1 > 20(1)

refinement on F2R[F2 > 2¢0(F?)] = 0.0354

wR(F?) = 0.0878
S=1.118

741 reflections
61 parameters

w = 1/[0%(F,2) + (0.0356P)2 + 19.9026P]
where P = (Fs? + 2F:?)/3

(A/0)max = 0.001

Rint= 0.025
Omax = 33.12°
h=1—15
k=0—11

I =0—10

Refinement

Apmax= 0.666 e A3

Apmin= —0.665 e A3

extinction correction method: SHELXL

extinction coefficient = 0.0088(9)

Flack absolute structure parameter = 0.09(3)

scattering factors from Internacional Tables
for Crystallography (Vol. C)

Table 3. Atomic Coordinates and Equivalent Isotropic Displacement Parameters of Rb,Ti1.01Ero.99(PO4)3

Wyckoff occupation
atom position X y z factor U(eq)
Ti(1) 4a 0.6666(1) 0.6666(1) 0.6666(1) 0.358(7) 0.006(1)
Er(1) 4a 0.6666(1) 0.6666(1) 0.6666(1) 0.642(7) 0.006(1)
Ti(2) 4a 0.3981(1) 0.3981(1) 0.3981(1) 0.655(7) 0.007(1)
Er(2) 4a 0.3981(1) 0.3981(1) 0.3981(1) 0.345(7) 0.007(1)
P 12b 0.4847(2) 0.7081(2) 0.3717(2) 1 0.012(1)
Rb(1) 4a 0.9584(1) 0.9584(1) 0.9584(1) 1 0.019(1)
Rb(2) 4a 0.1797(1) 0.1797(1) 0.1797(1) 1 0.016(1)
O(1) 12b 0.6000(9) 0.8447(9) 0.7445(8) 1 0.028(2)
0(2) 12b 0.4554(10) 0.2874(11) 0.2388(10) 1 0.037(2)
0O(3) 12b 0.4840(9) 0.5621(9) 0.3318(9) 1 0.029(2)
O(4) 12b 0.5693(12) 0.7307(9) 0.4946(10) 1 0.036(2)

Table 4. Anisotropic Displacement Parameters (A2) of Cubic Rb,Ti101Er.g9(PO4)z?

atom Un Uz Uss Uzs Uis Uiz
Ti(1) 0.006(1) 0.006(1) 0.006(1) —0.001(1) —0.001(1) —0.001(1)
Er(1) 0.006(1) 0.006(1) 0.006(1) —0.001(1) —0.001(1) —0.001(1)
Ti(2) 0.007(1) 0.007(1) 0.007(1) 0 0 0
Er(2) 0.007(1) 0.007(1) 0.007(1) 0 0 0
Rb(1) 0.019(1) 0.019(1) 0.019(1) —0.001(1) —0.001(1) —0.001(1)
Rb(2) 0.016(1) 0.016(1) 0.016(1) —0.002(1) —0.002(1) —0.002(1)
P 0.016(1) 0.012(1) 0.009(1) 0 —0.001(1) —0.002(1)
0(1) 0.028(4) 0.028(4) 0.026(4) —0.009(3) 0.001(3) —0.009(3)
0(2) 0.029(4) 0.050(6) 0.032(5) —0.021(5) 0.004(4) —0.003(4)
O(3) 0.033(4) 0.028(4) 0.027(4) —0.015(3) 0 0.013(3)
O(4) 0.053(6) 0.027(4) 0.028(4) 0 —0.020(4) —0.011(4)

aThe anisotropic displacement factor exponent takes the following form: —272[h2a*2U;; + ... + 2hka*b*U2].

diffraction data obtained at 260 = 10—70°, ss = 0.03°, st =55,
at 298, 323, 373, 473, 573, 673, and 773 K. We increased the
temperature at a rate of 5 K/s and introduced a delay of 1800
s before starting each pattern at each temperature.

In all of these experiments, the crystal cell parameters and
occupation factors for Rb,Tios1Yb119(PO4)s were refined with
the FULLPROF program? and the Rietveld method.® We used
the coordinates of the atoms from the structure resolved with
single-crystal X-ray diffraction (see Table 3) as the starting

(8) Rodriguez-Carvajal, J. Physica B 1993, 192, 55.
(9) Young, R. A. The Rietveld Method; Oxford Science Publication,
International Union of Crystallography: Oxford, U.K., 1995.

model for the calculations and selected a Pearson V11 function
to describe individual line profiles.

We took another series of measurements to study the
evolution of the material with the temperature using X-ray
powder diffraction. The patterns were carried out using Cu
Ka radiation collected on a Siemens D5000 powder diffracto-
meter in a #—0 goniometer using Bragg—Brentano parafocus-
ing geometry equipped with an Anton-Paar HTK10 platinum
ribbon heating stage and a Braun position-sensitive detector
(PSD). The powder diffraction data were obtained at 26 = 10—
70°, and the measuring time per degree was 10 s in the 298—
1473 K range. We increased the temperature at a rate of 0.17
K/s and registered patterns every 50 K.
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Table 5. Selected Interatomic Distances (in A) in Rb,Tiy01Ero.99(PO4)3

P-O(2)  1.509(10) Ti(1)-O(1) 2.087(9) Er(1)-O(1) 2.087(9) Rb(1)—O@3)i  2.966(9) Ti(1)—Pii 3.495(2)
P—-0O(1)" 1.529(9) Ti(1)—0(4) 2.111(10) Er(1)—0(4) 2.111(10) Rb(1)—O(4)V 3.192(10) Ti(1)—-P 3.545(2)
P—0(4) 1.532(10) Rb(1)-O(2)ii  3.269(12)
P—0(3) 1.538(9) Ti(2)-0O(3)  1.998(11) Er(2)-0(3)  1.998(11) Rb(1)-O(2)¥  3.460(12) Ti(2)—P 3.281(2)
Ti(2)-0(2)  2.055(9) Er(2)-0(2)  2.055(9) Ti(2)—Ppvi 3.557(2)
Rb(2)—O()M  2.927(9)
Rb(2)—0(2) 3.065(10) Rb(1)—P 3.548(2)
Rb(2)—O(4)Vi  3.147(12) Rb(1)—Piii 3.765(2)
Rb(2)—O(4)v 3.280(12) Rb(1)—Ti(2)vii 3.9510(13)
Rb(1)-Ti(1)x  4.5386(12)
Rb(2)—PVii 3.461(2)
Rb(2)—Pvi 3.725(2)
Rb(2)-Ti(2) 3.8413(11)
Rb(2)—Ti(1)* 3.8509(10)
i=1-xY+yh—zii=y—U3%h—-2,1—-—xii=% -y, 1 -z, x+iv=2—-y, 2+ Y3 —x.v=1—-y,z+ Y3 —x
Vi=1l-vy,z—Y Yo —=xVvii=y =Yy, Y=z, 1 =x Viii=1—-2,x+ Y, 3% —y. ix=3%%—x2—-y,z+ o x=YY—-x,1—-y,z— .

Differential Thermal Analysis (DTA) Measurements.
We also studied the phase transitions with the temperature
by differential thermal analysis, using a TA Instruments
Simultaneous Differential Techniques Instrument SDT 2960.
The experiments were made at 10 K/min in the 298—1473 K
range using Ar as the purge gas at a flow rate of 90 cm3/min.
The sample of Rb,Ti1.01Er0.99(PO4)s3, which weighed around 30
mg, was placed in Pt pans. We used calcined Al,O3 as the
reference material. The experiments were made by heating
and cooling cycles to obtain information about the reversibility
of the phase transitions. The storage rate of data was always
0.5 s/data point.

Second-Harmonic Generation (SHG) Measurements.
We studied the second-harmonic generation (SHG) response
of Rb,Ti101Er0.99(PO4); using the Kurtz method.'° The samples
were powdered and graded using standard sieves to obtain a
uniform particle size between 5 and 20 um. The sample was
then placed in a 2-mm-thick quartz cell and packed uniformly.
The incident radiation on the sample was generated by a
pulsed YAG:Nd laser and we estimated the incident power by
measuring the energy reflected by the sample with a Si
detector. We also measured the energy of the radiation from
the sample, the frequency of which was double the initial
frequency, with a Si detector. We selected the desired signal
using interferometer filters. The initial and the double fre-
guency signals were compared, and the ratio between these
two signals provided information about the efficiency of the
second-harmonic generation process. The ratio between these
two signals was calculated as an average over 100 laser shots.

We only obtain relative values of SHG efficiency of the
sample with this method. These values will be compared with
those of KTiOPO,4 (KTP) and KH,PO,4 (KDP), which are both
well-known in the literature.!?

Results and Discussion

Crystal Growth. We grew crystals of langbeinite
structure with typical dimensions between a few mi-
crometers and a few millimeters. Table 1 shows the
phases crystallized, the level of Ln and Nb introduction
in the samples, and the color of the crystals. As the table
shows, the crystals were obtained from various solution
compositions, indicating as initial solution composition
when TiO, has not been yet substituted by Ln,O3 or
Nb,Os. In all these solutions we progressively substi-
tuted part of TiO, with Er,03, Yb,O3, or combinations
of Er,O3 and Nb,Os or Yb,03 and Nb,Os. Some of these
solution compositions were located in the crystallization
region of RTP,12 corresponding to an initial solution
composition of Rb,O—P,05—TiO, = 44.8—33.1-22.0
(experiments 1 and 2), 43.1-31.9—25.0 (experiments
3—16), 42.9—35.1-22.0 (experiments 17—21), 40.8—
27.2—32.0 (experiments 22—24), and 40.2—29.7—30.0

(experiments 25 and 26). We chose another initial
solution composition in the crystallization region of Rbs-
TizO(P207)(PO4)s (experiments 27—30), a neighboring
phase of the RTP in the system Rb,O—P,05—TiO,,?
which corresponds to an initial solution composition of
37.0—37.0—26.0. Finally, because of the historical paral-
lelism studies between RTP and KTP, we chose a
solution in which Rb,O was completely substituted by
K>0 to investigate whether we could obtain the lang-
beinite structure with K instead of with Rb. This
solution corresponded to an initial composition of K,O—
P,05—TiO, = 37.4—41.5—21.0 (experiments 31—34) and
is located in the crystallization region of KTiy(POy)3.13

For initial solutions chosen inside the crystallization
region of RTP, the langbeinite phase stabilized when
the P,0Os5 content was increased and the global content
of TiO, and substituents in the solution was decreased.
When Nb,Os was present in the solution, the langbeinite
phase was stabilized by a lower substitution of TiO, by
Ln,0O3.

For the initial solution composition located in the
crystallization region of RbsTizO(P,07)(PO4)s, the lang-
beinite phase was stable at least from a concentration
of Er,03 of 3 mol % substituting TiO, to almost 8 mol
%, where ErPO,4 was identified, while in the system
containing K;O, the langbeinite phase was stable from
a concentration of Er,O3 of 5 to almost 8 mol %. Then,
the langbeinite structure was stabilized for low quanti-
ties of Er,03 in the system with Rb,O.

EPMA Measurements. The chemical composition of
these crystals was analyzed by EPMA. It seems that
these structures incorporate the Ln3* more easily than
the Nb®*, even though the ionic radius of the latter is
closer to that of Ti** than that of Ln3". In these crystals,
it becomes increasingly important to substitute Ti3* in
the framework with an ion of the same electronic
valence than with an ion with an ionic radii closer to
that of Ti®". As an example, when the solution only
contained Ln,0g, the higher the concentration of Ln,O3

(10) Kurtz, S. K.; Perry, T. T. J. Appl. Phys. 1968, 39, 3798.

(11) Dmitriev, V. G.; Gurzadyan, G. G.; Nikogosyan, D. N. Hand-
book of Nonlinear Optical Materials; Springer-Verlag: New York, 1991.

(12) Carvajal, J. J.; Nikolov, V.; Solé, R.; Gavalda, Jna.; Massons,
J.; Rico, M.; Zaldo, C.; Aguil6, M.; Diaz, F. Chem. Mater. 2000, 12,
3171.

(13) lliev, K.; Peshev, P.; Nikolov, V.; Koseva, I. J. Cryst. Growth
1990, 100, 225.
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Figure 1. View of the TiOg octahedra and PO, tetrahedra in
the structure of Rb,Ti101Er.99(POs)s.

in the solution, the higher the concentration of Ln3* in
the crystals (see experiments 5—6 and 28—29). When
Nb,Os was present in the solution, the higher the
concentration of Nb,Os in the solution, the higher the
atomic content of Nb5* in the crystals and higher the
incorporation of Ln®* into the crystals (see experiments
7—11 or experiments 13—15). Finally, for solutions
containing the same concentrations of Nb,Os, the higher
the concentration of Lny;O3 in the initial solution, the
higher the content of Ln3" in the crystal, but the lower
the concentration of Nb in the crystals (see experiments
22 and 23).

In the samples containing Rb™ and Er3*, a change of
color of the crystals with the Er content has been
observed. Crystals with langbeinite structure whose
content of Er3* was less than 1% were violet (see
experiments 19, 20, 28, and 29), and those whose
content of Er®* was more than 1% were pink (see
experiments 6—12). Following the principle of electrical
neutrality, this change in color may have been due to
the presence of Ti®" in the crystals whose content of Er3*+
is less than 1%. The combination of the pink color for
Erd* and the blue for Ti3* formed the violet color
observed.

Crystal Structure of Rb;Tii01Erpe9(PO4)s. The
structure of Rb,Ti;01Er099(PO4)3 has been solved. The
unit cell parameters obtained in this study were a =
10.1580(10) A and Z = 4, with the space group of
symmetry P2:3. This cell parameter was larger than the
one corresponding to Rb,Tix(PO4)s (a = 9.9115 A)!
because the ionic radium of Er®* is larger than the
corresponding one of Ti3* (0.670 A for Ti3* and 0.890 A
for Er3*).14 The atomic coordinates, mean interatomic
lengths, and anisotropic thermal displacement param-
eters are shown in Tables 3—5.

Figure 1 shows a projection parallel to [111] of the
cell contents of Rb,Ti101Erog9(PO4)s. There were two
different structural positions of titanium and rubidium
in the structure and four inequivalent O positions. The

(14) Shannon, R. D. Acta Crystallogr., Sect. A: Found. Crystallogr.
1976, 32, 751.

Carvajal et al.

Figure 2. SEM photographs of a Rb,Ti101Ero.99(PO4)s crystal
and morphological scheme made with Shape application.

Ti atoms were placed at 3-fold axes and were six-
coordinated with oxygen atoms to form an octahedron.
These polyhedra were different for each structural
position. This is reflected in the different bond distances
of Ti—O, where those corresponding to the Ti(1)Og
octahedron were larger than those corresponding to the
Ti(2)Og octahedron. In Ti(1)Og octahedra, the Ti—O
distances ranged from 2.087 to 2.111 A, whereas in the
Ti(2)Os octahedra, they ranged from 1.998 to 2.055 A.
These results disagree with those of Leclaire et al.? for
K2Tiz(PO4)s, where the larger cage was in the Ti(2)
position, but no Er was present in these crystals. The
Ti(2)Og octahedron seems to be more distorted than the
Ti(1)Og octahedron because the distortion parameter Aq
= (1/6)3 n=16 [(dn — [@IYAETP, where d, are the different
distances of Ti—O in the octahedron and [dCis the mean
Ti—O distance calculated in each octahedron, was
higher than that of the Ti(1)Oe octahedron (1.98 x 10~
and 0.27 x 1074, respectively). This supposition is
confirmed by the larger angle in the octahedra. Whereas
in a regular octahedron this O—Ti—O angle is 180°, in
the Ti(1)Og octahedron it is 174.4° and in Ti(2)Os it is
172.5°. Er generally preferred to occupy the Ti(1) site
as can be seen in Table 3 where the occupation factors
for Ti(1) and Ti(2) positions were Ti(1) = 0.358(7), Er-
(1) = 0.642(7) and Ti(2) = 0.655(7), Er(2) = 0.345(7).
This may be because of the larger Ti—O distances in
the environment of the Ti(1) site with respect to the Ti-
(2) site, which make a larger cage in the Ti(1) site than
in the Ti(2) site. Our results also clearly show that pure
sites for Ti®" and Ti*" do not exist and that both
positions Ti(1) and Ti(2) were differently occupied by
both ions with different valences. These octahedra were
isolated in the structure and shared all six corners with
PO, tetrahedra at two Ti—P distances ranging from
3.495 to 3.545 A for Ti(1)Os and from 3.281 to 3.557 A
for Ti(2)Os (see Table 5).

The shortest distances in the structure were those
that made up the coordination figure of the phosphate
anion. This figure was a slightly distorted tetrahedron
with distances ranging from 1.509 to 1.538 A. These PO,
tetrahedra were isolated in the structure and shared
their four corners with TiOg octahedra. An isolated PO4
tetrahedron shared two corners with Ti(1)Og octahedra
and two corners with Ti(2)Og octahedra (see Figure 1).

Two different Rb™ ions in the structure were linked
to 12 oxygens at a distance ranging from 2.927 to 3.460
A. The distance between the Rb(2) atom and the 12
oxygens that surround this ion in the structure were
significantly shorter than the same distances for the Rb-
(1) atom. Around these Rb ions there were six TiOg
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Figure 3. Refined X-ray powder diffraction pattern of Rb,Ti101Ere09(PO4)s showing the observed (points), calculated (full line),

and the difference (bottom) Rietveld profiles at RT.

Table 6. hkl Reflections, dnk, 260-Bragg Position, and
Their Observed Intensity in the X-ray Powder
Diffraction Pattern of Rb,Ti1.01Ero99(PO4)s Crystal?

hkl dhkl (A) 29-Bragg Ihki hkl dhkl (A) 29-Bragg Ihki
110 7.1944  12.292 10 521 1.8576 48.996 19
111 5.8742 15.070 10 440 1.7986  50.715 9
200 5.0872 17.418 1 441 1.7711  51.558 64
210 4.5502 19.493 105 530 1.7449 52.392 27
211 4.1537 21.374 197 135 1.7198 53.217 2
220 3.5972 24.729 86 600 1.6957 54.032 27
221 3.3915 26.255 38 610 1.6727 54.840 56
310 3.2175 27.703 999 611 1.6505 55.639 212
311 3.0677 29.084 242 620 1.6087 57.216 37
222 29371 30.408 21 621 1.5890 57.994 60
320 2.8219 31.682 85 541 1.5700 58.765 83
123 2.7192 32911 639 533 1.5516 59.530 7
400 2.5436  35.255 <1 622 1.5339 60.289 19
014 2.4677 36.377 40 542 1.5167 61.043 77
411 2.3981 37.471 6 136 1.5001 61.791 81
331 2.3342 38.537 20 444 14686  63.271 25
024 2.2751  39.580 29 236 1.4535 64.004 21
124 2.2203  40.600 22 543 1.4389 64.733 44
332 2.1692 41.599 35 551 1.4247  65.457 4
422 2.0769 43541 183 046 1.4109 66.177 2
034 2.0349 44.486 36 720 1.3976 66.893 13
431 1.9954 45.416 243 127 1.3846  67.605 35
511 1.9581 46.331 24 246 1.3596 69.019 20
234 1.8894 48.120 104 722 1.3476  69.720 15

a2 The observed intensity has been normalized taking 999 as the
most intense reflection.

octahedra, three of which were at a shorter distance
than the others, and all distances were shorter for Rb-
(2) than for Rb(1). These TiOg octahedra were located
at two different distances with respect to each Rb center.
The Rb atoms were also surrounded by six PO, tetra-
hedra at a distance ranging from 3.461 to 3.765 A.
Again, the distances between Rb and P centers were
shorter for Rb(2) than for Rb(1) (see Table 5).
Crystal Structure of Rb205Tigg1Yb1.19(PO4)3. Us-
ing the above-described structural model as a starting
point and substituting Er with Yb, we tried to solve the
structure of Rb205Tio.81Yb1.19(PO4)3 from X-ray powder
diffraction data using the FULLPROF program. We
found that the cell parameter was a = 10.2294(1) A,
which is slightly different from the one for Rb,Tiy01-
Ero.99(PO4)s. This may be because the concentration of
Yb in Rb2.05Ti0'81Yb1.19(PO4)3 was hlgher than the con-
centration of Er in Rb,Tiy 01Ero99(PO4)s, even though the
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Figure 4. Linear thermal expansion of the cell parameter of
the Rb,Ti101Ero.09(PO4)s crystal in the range between 300 and
800 K.
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Figure 5. Differential thermal analysis (DTA) thermogram
of Rb,Tiy01Ero99(PO4)3 in the range between 500 and 1450 K.

ionic radius of Yb3" in an octahedral environment is
smaller than the ionic radius of Er3* (0.868 and 0.890
A, respectively).1* We found that the occupation factor
of Yb in the structure showed the same tendency as in
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Figure 6. Selected X-ray powder patterns at different temperatures describing the decomposition of Rb,Ti1.01Ero.99(PO4)3 around

1373 K.

Rb,Ti101Er0.99(PO4)3: the Yb3™ were located more at the
Ti(1) position than at the Ti(2) position. The occupation
factors in this structure in Ti(1) and Ti(2) positions were
Ti(1) = 0.258(2), Yb(1) = 0.741(2) and Ti(2) = 0.555(2),
Yb(2) = 0.444(2).

Crystal Morphology. We observed our crystals by
scanning electron microscopy (SEM) to describe their
morphology. The habit of the crystals was made up of
hexagons and triangles, basically comprising the {111}
and {111} faces. These were not equivalent by sym-
metry because as the theoretical simulation made with
the Shape software shows,® there was no mirror plane
in this structure. The habit of these crystals, grown by
spontaneous nucleation on the surface of the solution,
is shown in Figure 2. In this figure we can also see the
different development of the {111} and {111} forms.

Thermal Expansion Coefficient. We studied the
evolution of the a parameter of the Rb,Ti1 01Ero.99(PO4)3
by X-ray powder diffraction in the 300—800 K temper-
ature range using the FULLPROF program. Figure 3
shows the X-ray diffraction pattern of Rb,Tis 01Ero.99-
(POy)s refined by FULLPROF at room temperature. As
there was no powder diffraction file corresponding to
this structure in the JCPDF-ICDD database, Table 6
lists (hkl), dn, 26-Bragg position, and the corresponding
Ik observed. Figure 4 shows the results of the thermal
expansion of this structure. The linear thermal expan-
sion coefficient is defined as oo = (1/L) x (AL/AT), where
L is the initial parameter at room temperature and AL
is the change in this parameter when the temperature
changes AT. From our measurements of the lattice
parameters, we can calculate the thermal expansion
coefficient from the slope of the linear fitting of the
linear relationship between (AL/L) and temperature. In
this case, the linear thermal expansion coefficient was
oo=55x 1078 K1,

Stability of szTi1_01Ero.99(PO4)3 with the Tem-
perature. Figure 5 shows the DTA thermogram of Rb,-
Ti101Ero.99(PO4)3 in the 298—1473 K temperature range.
There was a single peak at 1367 K. We did a more
detailed study of this peak using X-ray powder diffrac-
tion, recording powder diffraction patterns at room
temperature at the beginning and at the end of the
experiment and at 50 K intervals between 1223 and
1473 K in heating and cooling cycles. Figure 6 shows
the most interesting X-ray patterns obtained. At 1323
K a new phase begins to appear, identified as ErPO,4
(83-0662-JPDS database’®). At 1373 K, there were new
peaks corresponding to rutile (87-0920-JPDS data-
basel®), which may have appeared earlier because all
of its peaks overlap with peaks of Rb,Ti; 01Erp.09(PO4)s3.
In the last X-ray diffractogram at room temperature,
the Rb,Ti1 01Ero.99(PO4)3 phase did not appear. Instead,
ErPO, and TiO, remained, which suggest that the
decomposition of Rb,Ti;01Erp.e9(PO4)3 is an irreversible
process. From these data, we can propose a decomposi-
tion of Rb,Tis01Ero99(PO4)3 at a temperature of about
1323 K in accordance with this reaction:

RD,Ti; g,Ery 99(PO,); — ErPO,(s) + TiO,(s) +

Rb,0(g) + P,04(9)

SHG. The second-harmonic response of the Rb,Tiy 01-
Erg.99(PO4)3 crystal was made using the powder method.
We compared SHG efficiency (), defined statistically
as the power of the signal whose frequency is twice that
of the initial radiation divided by the power of the initial
beam, with the efficiency of other nonlinear optical
crystals widely used in optical applications such as KTP
and KDP. The results were n/nxte = 0.21 and n/nkpp =
1.28. We can conclude that the second-harmonic genera-
tion is significantly less efficient than that of KTP, but

(15) Dowty, E. Shape for Windows, Version 5.0.1, Shape Software:
Kingsport, USA. 1995.

(16) JCPDS-ICDD. Joint Committee of Powder Diffraction Standards-
International Center for Diffraction Data, PA, 2000.
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is of the order of KDP. As KDP is widely used in
industrial applications, further studies of the growth
conditions of larger single crystals for accurate optical
measurements are justified.

Conclusions

We successfully grew langbeinite-type structures
containing Ti*" and Ln3" ions as M;Tiz—xLNny(POg)3
crystals (M = K" or Rb* and Ln = Er3* or Yb3") by high-
temperature-solution methods. This creates possible
new uses for these crystals, for example, as laser
materials and self-doubling materials. The stability of
this phase in the system Rb,0O—P,05—TiO; is higher in
relation to the higher the concentration of P,Os in the
solution and the lower the concentration of TiO, when
only Ln,Og3 is substituting TiO,. When Nb,Os is present,
the langbeinite phase can be stabilized with a lower
substitution of TiO; by Ln,Os3. Also, as these compounds
are not centrosymmetric, they can be used as nonlinear
optical materials. This is shown by SHG studies in
which the SHG efficiency is even higher than that of
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KDP. Our detailed structural study indicates that in
langbeinite-type materials containing mixed-valence
cations, which occupy two different positions in the
framework, both cations are distributed in both posi-
tions. However, trivalent cations tended to occupy
position 1. This structure expands as the temperature
increases and has a linear thermal expansion coefficient
of 5.5 x 107® K1 in the 298—773 K range. This
compound decomposes at 1323 K, to form ErPO, and
TiO..
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