3136 Chem. Mater. 2002, 14, 3136—3142

Crystallization Region, Crystal Growth, and
Characterization of Rubidium Titanyl Phosphate
Codoped with Niobium and Lanthanide lons

J. J. Carvajal, V. Nikolov,T R. Solé, Jna. Gavalda, J. Massons, M. Aguil6, and
F. Diaz*

Fisica i Cristal-lografia de Materials (FICMA) and IEA, Universitat Rovira i Virgili,
43005 Tarragona, Spain

Received February 7, 2002. Revised Manuscript Received May 13, 2002

We studied the crystallization region of RbTiOPO, (RTP) codoped with Nb and Ln (Ln =
Er3t or Yb®), taking as basis a range of molar ratios of Rb,O0—P,0s—TiO,. Significant
differences in the critical concentration of Nb,Os and Ln,O3; when we substituted TiO, with
these oxides where observed. These differences depended on the initial molar ratio of Rb,O—
P,Os—TiO, used in each case. The critical concentrations of the two lanthanides were also
different; the critical concentration of Yb,03 was lower than that of Er,O; for all compositions.
The distribution coefficients and concentration of Ln in the crystals were higher for Yb3*"
than for Er3*, comparing similar concentrations in the solution. Single crystals of RTP:
(Nb,Er) and RTP:(Nb,Yb) were grown with optical quality, and these were large enough to

make spectroscopic characterizations.

Introduction

KTiOPO,4 (KTP) crystals and some of its isostructural
materials have good nonlinear optical properties, which
make them attractive for use as frequency doublers for
diode lasers in the IR region.!

Doping these crystals with lanthanide ions (Ln) is
interesting because the ion photoluminescence and the
NLO properties of the matrix can be merged to achieve
self-induced effects. Attempts to dope KTP crystals with
Ln have been made but distribution coefficients have
been very low.2 Codopants generally increase the dis-
tribution coefficients of the lanthanide ions. In previous
works, we showed that the use of Nb is one of the most
effective ways of increasing these distribution coef-
ficients, but the Ln concentrations so far achieved in
KTP are too low to obtain efficient fluorescence from
the RESs.23 Other attempts to improve these distribution
coefficients have been made by completely substituting
K* with Rb* to RbTiOPQ,4 (RTP), but the distribution
coefficients of Ln were still low.3 Merging the effects of
Rb* and Nb>*, we achieved an Er3* concentration of 0.65
x 10%° atoms-cm~3 and an Yb3* concentration of 1.95 x
10?0 atoms-cm—3, but the NLO properties of the crystals
are maintained.*®
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RTP crystallizes in the orthorhombic system, with the
space group of symmetry Pna2;. The cell parameters
are a = 12.974(2), b = 6.494(3), and ¢ = 10.564(6) A
and Z = 8.% In a previous work, we determined the
crystallization region of RTP in the ternary system
Rb,0O—P,05—TiO,.* We also did some growth experi-
ments of RTP:(Nb,Er) crystals for a fixed concentration
of Nb and Er in the solution and several solution
compositions in this crystallization region. Growth
parameters, such as how fast the crystals grow, how
efficient the crystal growth process is, and how much
Erdtis incorporated into the crystals, were significantly
different and depended on the solution composition.* To
better understand why this is so, a more detailed study
of the crystallization region of RTP:(Nb,Ln) is needed.

In the present paper, we carried out the research of
the crystallization region of RTP codoped with Nb5* and
Ln, particularly for Ln = Er3* or Yb3". These ions are
interesting because of their much-studied emissions
around 1.5 ym from Er®* and 1 um from Yb3" in
different matrixes.” Er3* is used in applications as
optical communications at long distances due to its
efficient emission near the region of optical losses in
silica fibers (1.5 um).8 It is also used in medicine because
of its emission at around 2.8 um.® Yb3* shows a simple
scheme of levels with only two 4f electronic states that
are optical accessible: the 2F7;, ground state and the
2Fg, excited state separated by an energy of around
10 000 cm™1, which are split by the crystal field. This
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energy matches the energy emitted by diode lasers very
well. The ytterbium-doped lasers are also characterized
by having a substantial long radiative lifetime, which
makes pumping more efficient.1° The emission around
1 um from Yb3* is particularly interesting in our case
because it may be possible to double its frequency and
so obtain a visible green radiation.

Finally, we grew single crystals of RTP:(Nb,Er) and
RTP:(Nb,Yb) to analyze the crystal growth conditions
and make a preliminary spectroscopic characterization,
as promising new self-doubling materials.

Experimental Section

RTP Crystallization Regions. RTP melts incongruently
in air around 1443 K.1* Normal melt processes cannot therefore
be used for crystal growth with RTP. In this paper, we used a
high-temperature flux method. Taking as basis different molar
ratios of Rb,O—P,0s5—TiO,, the concentration of TiO, was
progressively substituted with Nb,Os, Er,Os;, or Yb,O3; or
combinations of Nb,Os and Er,Os; or Nb,Os and Yb.O3 until
the RTP phase disappeared and a new phase crystallized. We
used szCOg, NH4H2PO4, TiOZ, szOs, EI’203, and Yb203 (pa)
as initial reagents that we mixed at the desired ratios and
decomposed by heating them until the bubbling of NH3, H20,
and CO, was complete. The solutions were prepared in 25 cm?
platinum crucibles filled with 15—20 g of solution. The
solutions were homogenized by maintaining them at a tem-
perature of about 50—100 K above the expected saturation
temperature for 3—5 h. The axial temperature gradient in the
solution was 8 K, hot bottom. We decreased the temperature
of the homogeneous solution at a rate of 10 K every 30 min
until spontaneous crystallization appeared on a platinum wire
immersed in the solution. The crystallized phases were identi-
fied by X-ray powder diffraction analysis and electron probe
microanalysis (EPMA), and the morphology of the crystals was
observed by optical and scanning electron microscopies. The
variation of the RTP crystallization region was obtained after
studying around 20—50 solution compositions, depending on
the initial molar ratio of Rb,O—P,05—TiO..

Top-Seeded Solution Growth (TSSG). Then, we grew
RTP:(Nb,Er) and RTP:(Nb,Yb) single crystals by the TSSG
slow-cooling technique using a vertical tubular furnace con-
trolled by a Eurotherm 818P controller/programmer. The
solution, which weighed 30—40 g, was prepared as before. The
axial temperature gradient in the solution was about 10 K,
hot bottom. The crystals were grown on oriented RTP seeds
with the c crystallographic direction perpendicular to the
surface of the solution, displaced 4—5 mm from the rotation
axis, and fixed in a growth device that included a platinum
turbine to additionally stir the solution.* The a direction of
the two seeds used in every growth experiment was always
placed in the radial direction of the rotation movement. We
determined the saturation temperature from the growth or
dissolution of the seeds in contact with the surface of the
solution. During the growth processes, we reduced the tem-
perature by 12 K from the temperature of saturation at a rate
of 1 K-day~*. The rotation was kept constant at 65 rpm in all
experiments. When the growth process was complete, we
slowly removed the crystals from the solution to minimize any
thermal stress and kept them above the surface of the solution,
while the temperature of the furnace was lowered to room
temperature at a rate of 15 K-h™%,

Dopant Concentration Analyses. The concentration of
dopants was analyzed by EPMA operating in wavelength-
dispersive mode. An electron microprobe CAMECA SX-50 was
used in the analyses. The samples were included in a polyester
ortoftalic-type resin forming cylinders of 2.5 cm in diameter
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and 1 cm in high. The surfaces of the samples were polished
with diamond powders until a grain size of 1 um, using a
Struers DAP-7 polisher. The surface of the cylinder was
cleaned with ethanol and was sputtered with carbon before
taking the measurements. The concentrations of Rb, Ti, P, Nb,
and O were analyzed at 30 nA electron current and those of
Er and Yb at 100 nA. The accelerating voltage was kept at 25
kV in all cases. A pure RTP crystal, grown by ourselves, was
used as standard for Rb, Ti, P, and O in aim to minimize the
matrix effects in the samples because of its similar chemical
composition. The other standards were LiNbO; for Nb, REE1
(a synthetic glass with a base of Si—Al—Ca and a concentration
of 4.09% of Er in weight) for Er, and YbF; for Yb. 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 Ko measured with a W/Si (2d = 60 A) multilayer
crystal, and finally Er Lo and Yb La measured with the LiF
crystal. The measurements were integrated during 10 s for
Rb, Ti, P, and O and 30 s for Nb, Er, and Yb. The raw
intensities were corrected for dead time, background, and
matrix effects using the PAP correction procedure.!?

Optical Absorption. Optical absorption of Er3*t and Yb3*
was performed in RTP:(Nb,Er) and RTP:(Nb,Yb) crystals with
a Varian Cary 500 Scan spectrophotometer. Because of the
anisotropy of the crystal, these measurements were performed
using incident light polarized parallel to the three crystal-
lographic directions of the crystals, which, as RTP crystallizes
in the orthorhombic system, coincide with the three principal
optical axes. The spectra were collected at room temperature
in the 350—1750 nm range for samples containing Er®* and
in the 800—1100 nm range for samples containing Yb3*.

We prepared the samples by cutting the crystals to form
2-mm thick square prisms parallel to the (100), (010), and (001)
planes and polishing them to optical quality using alumina
powder.

Results and Discussion

RTP Crystallization Regions. We chose two basic
molar ratios of Rb,O—P,05—TiO, to study how the
crystallization region of RTP and the distribution coef-
ficients of dopants vary when TiO; is substituted by
Nb>Os and Ln;Os3 in the solution. These molar ratios
were Rb,0—P,05—TiO, = 43.1-31.9-25.0 and 40.8—
27.2—32.0, respectively.

Figures 1—4 show the change in the crystallization
region of RTP when some of the TiO, in the solution
was substituted by Nb,Os and Er,O3; or Nb»Os and
Yb,03. These concentrations were defined as

[Nb,O]
[TiO,] + [Nb,Og] + [LN,O4]

MNb,O, =

and

[Ln,O4]
[TiO,] + [Nb,Og] + [LN,O4]

MLn,0,0=

where Ln = Er or Yb. In these figures, we can see the
critical concentration of dopants that substituted TiO,
in solution, below which the RTP phase crystallized and
above which other phases appeared. This is a very
important parameter for growing RTP:(Nb,Ln) crystals.
As the solution was poorer in Rb,O and P,0s and richer
in TiO,, the critical concentration of Nb decreased,
whereas the critical concentration of Ln increased. The
critical concentration of Nb ranged from 9 mol % for a
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Figure 1. Variation of the crystallization region of RTP with the substitution of TiO, by Nb,Os and Er,03, taking as basis a
solution with a molar composition Rb,O—P;05—(TiO2 + Nb,Os + Er,03) = 43.1-31.9—25.0. SEM images of RTP and the neighboring

phases.
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Figure 2. Variation of the crystallization region of RTP with
the substitution of TiO, by Nb,Os and Er,O3, taking as basis
a solution with a molar composition Rb,O—P,0s—(TiO, +
Nb,Os + Er,03) = 40.8—27.2—32.0. SEM images of the
neighboring phases.

initial solution containing 25 mol % of TiO, to 5.5 mol
% when the solution contained 32 mol % of TiO,. If we
compare the two Ln, we can see that, when the solution
composition is equal and the solution is poor in TiO,,

the critical concentration of Er,O3 is higher than that
of Yb,O3. However, when the concentration of TiOs in
the initial solution is richer, the critical concentration
of Er,03 is lower than that of Yb,0Os3. To be exact, when
the initial solution was formed by Rb,O—P,05—TiO, =
43.1-31.9-25.0, the critical concentration of Er,O3 in
the solution, in which TiO, was substituted for, was 6
mol %, whereas the concentration of Yb,O3 in the same
conditions was only 3 mol %. However, when the initial
solution contained Rb,O—P,05—TiO, = 40.8—27.2—32.0,
these critical concentrations increased to 6 mol % for
Er,0O3 and over 8 mol % for Yb,Os.

We have identified several new phases in the bound-
ary of the RTP crystallization regions in these systems.
When the critical concentration of Nb,Os is exceeded
(see Figures 1—4), RbTiPOs phase doped with Nb was
observed. In solutions with a low content in TiO,, when
the critical concentration of Ln,Osz is overpassed,
Rb,Ti,—xLNnyx(PO4)s was identified, as can be seen in
Figures 1 and 3. In solutions with a richer content in
TiO,, we have identified different neighboring phases
of the crystallization region of RTP depending on the
Ln used. When the critical concentration of Er,Osz was
exceeded, we detected the presence of ErPO, (see Figure
2). When the concentration of Yb,O3; was above the
critical concentration, we identified RbzYb2(POy); (see
Figure 4). These phases were identified by EPMA and
X-ray powder diffraction, and the SEM images of all of
them can be seen in Figures 1—4.
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Figure 3. Variation of the crystallization region of RTP with
the substitution of TiO, by Nb,Os and Yb,Os, taking as basis
a solution with a molar composition Rb,O—P,0s—(TiO; +
Nb205 + szOs) = 43.1—31.9—25.0.

RbTiPOs
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Table 1. Distribution Coefficients of Er3* (Kg, = Upper
Value) and Nb°* (Knp = Lower Value) in RTP:(Nb,Er)
Crystals Using a Molar Solution Composition of
Rb,0—P;05—(TiO2 + Nb,Os + Er,03) = 43.1-31.9—-25.02

mol % [Er,030

mol % INb,Os[] 0 1 2 3 4
0 0.03 0.04
2 - 0.20 0.13 0.11 0.14

0.83 0.78 0.78 0.77 0.86
4 - 0.15
0.72 0.64
6 - 0.18 0.16
0.67 0.56 0.69
8 - 0.11 0.15
0.57 0.47 0.44
9 0.15
0.50

2 (—) No value.

Table 2. Distribution Coefficients of Er3* (Kg, = Upper
Value) and Nb%* (Knp = Lower Value) in RTP:(Nb,Er)
Crystals Using a Molar Solution Composition of
Rb,0—-P,05—(TiO2 + Nb;Os + Er,03) = 40.8—27.2—32.02

mol % [Er,030

mol % INb,Os[J 0 2 4 5

0 0.11 0.07

2 - 0.46 0.33 0.24

0.80 0.99 1.13 0.90

4 - 0.36 0.31 0.23

0.45 0.69 0.62 0.56
6 0.41 0.23
0.53 0.45

2 (=) No value.

Table 3. Distribution Coefficients of Yb3* (Kyp, = Upper
Value) and Nb5* (Knp = Lower Value) in RTP:(Nb,Yb)
Crystals Using a Molar Solution Composition of
szO*PzOs*(TiOz + szOs + szOs) = 43.1-31.9-25.02

mol % WDQO;;D

mol %
(Nb,Os)

(X

RBTIOPO, ™,

AN

Rb;¥ha(POy)s

| |
0 2 4 6 8

mol % (Yb;0,)

Figure 4. Variation of the crystallization region of RTP with
the substitution of TiO; by Nb,Os and Yb,Os3, taking as basis
a solution with a molar composition Rb,O—P,05—(TiO, +
Nb,Os + Yb,0O3) = 40.8—27.2—32.0. SEM images of the
neighboring phases.

The most significant differences were in the distribu-
tion coefficients of these ions in the crystallization
regions we studied. The distribution coefficients were
defined as

{ [DE] }
_ [Ti] + [Nb] + [Ln]] crystal
B { [DE] }

[Ti] + [Nb] + [LNn]] sotution

KDE

mol % INb,Os0] 0 1 2 3
0 0.07
2 - 0.30
0.83 0.85
4 - 0.39 0.35
0.72 0.75 0.69
6 - 0.37 0.35 0.23
0.67 0.71 0.63 0.52
8 - 0.36 0.38
0.57 0.57 0.54
9 0.30
0.51

2 (=) No value.

where DE = Nb, Er, or Yb and Ln = Er or Yb. These
distribution coefficients are listed in Tables 1—4 in the
relation of L.n,Oz0and INb,Os5[]

The distribution coefficient of Ln increased as the
concentration of Nb,Os increased up to a maximum of
around 4—6 mol %, depending of composition of the
initial solution. After that, the distribution coefficient
of Ln decreased, except for Er in Rb,O—P,05—TiO, =
40.8—27.2—32.0, where the distribution coefficient of Er
decreased when the concentration of Nb,Os was 2 mol
% or more. This decrease in the distribution coefficient
of Ln can be due to a competition mechanism between
the Ln and Nb ions, because both Ln and Nb are
expected to substitute Ti in the structure. Therefore, as
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Table 4. Distribution Coefficients of Yb3* (Kyp, = Upper
Value) and Nb%* (Knp = Lower Value) in RTP:(Nb,Yb)
Crystals Using a Molar Solution Composition of
Rb,0—P205—(TiO2 + Nb,Os + Yb,03) = 40.8—27.2—32.02

mol % szogm

mol % INb,Os[] 0 2 3 4 5 6
0 0.08 0.08 014 0.11
1 - 030 039 030 0.28 0.20
088 080 100 111 118 116
2 - 056 054 042 0.28
0.80 1.05 093 0.92 1.01
3 - 096 059 031 039 033
051 094 094 076 0.88 0.98
4 - 055 064 052 042
045 088 080 082 0.78
5 - 0.62 064 114 0.46
057 064 065 079 0.75
6 0.56 0.59
0.49 052
7 0.62
0.58

a (=) No value.

the Nb is smaller than the Ln ion (Nb>" has an ionic
radius of 0.680 A and Ln3* has one of about 0.9 A, both
for an octahedrical environment),® the mobility of Nb
is higher and, also due to its radius is closer to that of
Ti4*, the probability that this ion occupies the positions
of Ti is greater. This mechanism is confirmed by the
fact that, when the concentration of Nb in the solution
is increased, its distribution coefficient in the crystal is
decreased because Nb cannot totally substitute Ti in the
structure and there are not enough free places that can
be occupied by Nb. We could find no rule to explain how
the distribution coefficient of Ln changed as the con-
centration of Ln changed. Some values of the distribu-
tion coefficients in the areas close to the boundary
phases are irregular because more than one phase
crystallizes at these points. This could change the real
concentration of Nb and Ln in the solution.

The fact that the distribution coefficients of Yb were
higher than those of Er (see Tables 1 and 3 or Tables 2
and 4) could be explained in terms of ionic radii. In an
octahedrical environment, Er®* has an ionic radius of
0.890 A and Yb3* one of 0.868 A, which is closer to that
of Ti*t (0.605 A).13 If Ln substitutes Ti4" in the
structure, the ions whose ionic radius is closer to that
of Ti*™ have a greater tendency to incorporate into the
crystals and, therefore, have larger distribution coef-
ficients.

The distribution coefficient of Er and Yb also in-
creased when the initial solution contained a higher
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concentration of TiO, and a higher relation Rb,O/P,0s
(see Tables 1 and 2 and Tables 3 and 4). The distribution
coefficient of Yb3* in a solution with a molar ratio of
Rb,0O—P,05—TiO; equal to 40.8—27.2—32.0 was at least
twice than that obtained in a solution formed by a molar
ratio Rb,O—P,05—TiO, = 43.1-31.9—25.0. This effect
is difficult to explain. Our suposition is that the viscosity
of the solution is higher when the ratio Rb,O/P,0s
decreases, taking into acount a similar behavior than
that observed in self-flux solutions of KTP.14 So, if the
solution is more viscous, the mobility of the ions is more
difficult and they tend to be less to incorporated into
the crystal. The high viscosity of the solution works
against its homogeneity, producing a lack of mixing and
the difficulty that the Ln could form structural units
that could be incorporated into the crystal growing.
Other parameters, such as the temperature of solution,
must also be taken into account to explain this effect,
however. When the concentration of TiO5 in the solution
is higher, the saturation temperature increased, and at
higher temperatures, the structure is more expanded
and Ln can enter the structure more easily. Other
parameters that can contribute to this effect are the
speed at which crystals grow, the diffussion coefficient,
and how far the growth conditions are from the equi-
librium thermodynamic conditions.

The distribution coefficients of Nb were higher that
those of the Ln, because its ionic radius is closer to that
of Ti4*.13 We have observed that Ky, decreased as the
concentration of Nb,Os increased. How this distribution
coefficient changed as the concentration of Ln,O3 changed
did not follow a clear pattern (see Tables 1—4). When
the solution was richer in TiO, and the relation of Rb,O/
P,Os was greater, the distribution coefficients of Nb
were lower if the solution did not contain Ln;Os. This
behavior changed, however, when Ln,O3 was added to
the solution and distribution coefficients of Nb tended
to be higher, as can be seen in Tables 2 and 4. This effect
can be explained by the reciprocal action of Nb upon
the Ln ions. As we have seen, the presence of Nb in the
crystals improves the distribution coefficient of Ln but,
to a lesser extent, this Ln also improves the distribution
coefficient of Nb in the crystals.

TSSG of RTP:(Nb,Ln) Crystals. We grew RTP:
(Nb,Ln) crystals with Ln = Er or Yb by the TSSG slow-
cooling technique. In these experiments, we kept the
rate of cooling, the interval of decrease in temperature,
and the speed of rotation of the growth system constant.

The crystals grown show the previously described
morphology:#° the (100) face becomes the most devel-

Table 5. Growth Data Associated with RTP:(Nb,Ln) Single Crystals

solution composition crystal avg
(mol %) dimensions supersaturation
expt  RbyO/P,0s/TiO2/NbyOs/ soln  ATsaturation  €efficiency (axbxc) crystal (g/K x 100 g
no. Er,03/Yb,03 wt (g) (K) (%) (mm) wt (g) of solution) Knoe  Ker Kyp
1 42.9/35.1/20.9/0.66/0.44/0  29.5 4 50 21 x55x%x5.2 0.260 0.122 0.57 0.04
22x5x%x45
2 41.2/33.7/23.7/0.75/0.5/0 37 6.5 59 25x5x5 0.237 0.099 0.62 0.04
2.7 x45x45
3 44.4/29.6/24.7/0.78/0.52/0 26 1 8 16x14x14 0.024 0.092 0.26 0.06
16x3x14
4 42.0/28.0/28.5/0.9/0.6/0 28 15 12 24 x23x28 0.040 0.095 0.37 0.14
19x19x21
5 40.8/27.2/30.0/1.0/0/1.0 41.6 35 29 1.8 x 3.7 x 3.7 0.08 0.055 0.60 0.50
1.7 x 3.2 x 35

6 40.8/27.2/30.1/0.6/0/1.3 42.1

3.7x13.0x 7.5

0.640 0.75 0.21
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Figure 5. Optical absorption of Er®* in RTP:(Nb,Er) at room temperature using incident polarized light parallel to the ¢
crystallographic axis. All observed transitions start from the “l;5, ground state.

oped face in the crystal and the crystals take on the
appearance of plates. Another aspect are the cracks
starting from the RTP seed. For KTP crystals, this
problem was solved using KTP:Nb seeds,'> but our
results seem to show that these defects cannot be fully
prevented using RTP:Nb seeds.

Significant differences in parameters such as ef-
ficiency, crystal size, weight of the crystals, and distri-
bution coefficients of the dopant ions have been ob-
served. Efficiency is defined as
T,— T/

S

——| x 100
Ts = Thina

efficiency =

where Ts is the saturation temperature before the
growth process, T' is the saturation temperature after
the growth process, and (Ts — Tsinal) is the total tem-
perature decrease during the growth process. All of
these results are shown in Table 5. Other parameters
also given in Table 5 are the difference in the saturation
temperature, ATs = Ts — T, and the average of
supersaturation, defined as avg supersaturation = [cryst
Wt/(ATs x solution wt)] x 100, in addition to the growth
conditions used.

The distribution coefficients of the Ln in these crystals
are slightly lower than when we calculated them with
crystals grown on a Pt rod, without seeds, when we
studied the corresponding crystallization region. This
may be due to the additional stirring of the solution used
in the growth experiments,* which improves homogene-
ity and mass transport efficiency in the solution, and
to the different rate of cooling and, therefore, to the
different growth velocity.

As Table 5 shows, crystals grown in a solution with a
lower concentration of Nb,Os were larger than those
grown in solutions with a higher concentration of Nb,Os.
However, the distribution coefficient of Ln ion in these
crystals was lower. Then, the presence of Nb in the

(13) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.

(14) lliev, K.; Peshev, P.; Nikolov, V.; Koseva, I. J. Cryst. Growth
1990, 100, 225.

(15) Wang, J.; Liu, Y.; Jiang, M.; Shao, Z.; Liu, W.; Jiang, S. Cryst.
Res. Technol. 1997, 21, 3319.
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Figure 6. “Giip, 2Hiiz, and 4li3, multiplets of Er¥* in RTP:

(Nb,Er) at room temperature using incident polarized light

parallel to the three crystallographic axes. All observed
transitions start from the “l;5, ground state.

solution clearly enhances the distribution coefficient of
Ln but strongly affects the growth mechanism of the
RTP crystals. In another way, experiments 1 and 2, with
a higher molar relation Rb,O/P,0s, were more efficient.
The average of supersaturation was similar for all
experiments to growth RTP:(Nb,Er) crystals, but this
parameter seems to change in experiments to growth
RTP:(Nb,Yb) crystals. This hypothesis cannot be con-
firmed, however, because it is difficult to grow these
crystals with different concentration of Nb and Yb in
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Figure 7. 2Fs; multiplet of Yb3t in RTP:(Nb,Yb) at room temperature using incident polarized light parallel to the three
crystallographic axes. The observed transition starts from the 2F;;, ground state.

the solution. This can be seen in experiment 6, where
after many attempts only one crystal of poor quality was
grown, despite the fact that two seeds were used as in
the other experiments, and its quality is poor. Research
to find the suitable conditions for growing RTP:(Nb,Yb)
crystals is in progress.

Optical Absorption. Finally, we measured the ab-
sorption spectra of Er3* and Yb3* in the RTP:(Nb,Er)
and RTP:(Nb,Yb) crystals using polarized light parallel
to the three crystallographic axes of the crystal at room
temperature because any measurement performed out
of these directions will result in a composition of the
optical absorption in the three principal optical axes.
Figures 5—7 show the spectra studied. Twelve multi-
plets of Er®* (*Gep, G112, 2Horz, *Fa2, *Fsr2, “Fri2, 2Hap,
4S312, *Foa2, *los, #1112, and *l1352) and the only multiplet
of Yb3" (2Fs;2) were resolved. A strong dichroism was
detected in the samples. For the crystals containing
Er3*, the intensities of the three spectra collected
parallel to a, b, and c crystallographic directions were
significantly different (Figure 6 shows the three most
intense multiplets of Er3* in greater detail). The same
behavior was observed in the 2Fs,; multiplet of Yb3", as
can be seen in Figure 7. Although this manifold was
observed in the three polarized spectra, the higher
intensity was obtained in the spectra collected parallell
to the c direction, followed by this one collected parallell
to the b direction, and the spectra that shows a lower
intensity is that collected parallell to the a direction.
The use of a such dichroic material will support the
advantages in the obtaining of polarized laser emissions.
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Conclusions

The codoping of RTP crystals with Nb and Ln de-
pended significantly on the composition of the solution
used. The critical concentrations of Nb,Os, Er,O3, and
Yb,03 and the distribution coefficients of Nb%*, Ers*,
and Yb3" varied significantly. These differences were
attributed to many factors, including the different ionic
radii, the viscosity of the growth solution, the difussion
coefficient, and the speed of growth. The distribution
coefficient of Yb®* was always higher than that of Er3*.
This may have been because their ionic radii are
different. Several new boundary phases to these
systems were identified: RDTiPOs doped with Nb,
Rb,Tio—xLny(PO4)3 with Ln = Er and Yb, ErPO4, and
Rb3Yb,(PO4)s. Single crystals of RTP:(Nb,Er) and RTP:
(Nb,Yb) of good optical quality were successfully grown
and these were large enough to make latter character-
izations such as absorption studies of the Ln3* ions in
this matrix. Spectroscopic studies showed that there
was a strong dichroism in the intensities of the different
multiplets of Er®* and Yb®* depending on the polariza-
tion of the incident light.
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