2730 Chem. Mater. 2003, 15, 2730—2736

Phase Transitions in RbTiOPO, Doped with Niobium
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We used X-ray powder diffraction and differential thermal analysis (DTA) to study the
effects of temperature on the cell parameters and phase transitions in RbTi;—xNbyOPO, (x
= 0-0.9) crystals. The linear thermal expansion coefficients were calculated from the results
of X-ray diffraction. We determined their Curie temperature (T.) by the change in the slope
of the evolution of the ¢ parameter of the crystals with the temperature, which is a function
of the Nb content in the crystals. The transition temperature from RTP orthorhombic to
RbTiPOs cubic phase and the decomposition temperature of this cubic phase, which are also
functions of the Nb concentration in the crystals, were determined by DTA and X-ray
diffraction. Finally, we also studied how the cell parameters of the RTP phase changed as
the concentration of Nb in the crystals was increased at room temperature.

Introduction

Rubidium titanyl phosphate, RbTiOPO, (RTP), is
isostructural with KTiOPO, (KTP). This family of
compounds is attractive because of their excellent
nonlinear optical properties.»:?2 RTP crystallizes, below
its Curie temperature and at atmospheric pressure, in
the noncentrosymmetric Pna2; space group with the
lattice parameters a = 12.974(2), b = 6.494(3), and c =
10.564(6) A3

At high temperature, the KTP and RTP structures
show a reversible ferroelectric-to-paraelectric phase
transition, with a Curie temperature (T;) in the case of
RTP ranging from 1058 to 1102 K.4~7 After this second-
order displacive phase transition, the crystal structure
belongs to the centrosymmetric space group Pnan.8

A phase transition to a cubic phase (called decomposi-
tion in the literature) is observed for RTP at 1374 K.°
This cubic phase, with the stoichiometry RbTiPOs,
crystallizes in the space group of symmetry Fd3m,
similarly to CsTiPOs.1 It seems that this cubic phase
is stabilized by valence compensation when Nb5* sub-
stitutes for the pair Ti*"/Cs™ in CsTiAsOs.!! In the
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literature, however, 1343 K was reported as the tem-
perature of incongruent melting of RTP.>7 There is
therefore an incongruity in the results in the literature
regarding the decomposition of RTP at high tempera-
ture.

We have already studied rare earth (RE3*) doping of
KTP in previous papers.’23 The RE3" distribution
coefficients were very low, although codoping with Nb5"
enhanced the distribution coefficients of RES*.11713
However, Nb°* is incorporated into the crystals and
affects both the morphology and the physical properties
of the materials.12-15

Interest in these crystals as laser materials makes it
important to determine their linear thermal expansion
coefficients and, thus, their thermal behavior. As is well-
known, an important part of the pump power can be
converted into heat inside the laser material during
operation, so studying thermal effects on the solid-state
laser materials is crucial in the design of solid-state
laser devices.

In this paper, we determined the linear thermal
expansion coefficients of RTP and RTP:Nb crystals and
discuss their phase transitions with temperature. We
show the different phase transitions of these crystals
with temperature, and to make progress in the charac-
terization of this host for RE3*doping, we clarify the
problems we found in the literature regarding the
decomposition of RTP.

Experimental Procedures

Crystal Growth. RbTi;«NbOPO, crystals with x = 0—0.09
were obtained from high-temperature solutions as described
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previously.’? The temperature of the homogeneous solution
was lowered in ~10 K steps every 30 min until crystals
appeared on a platinum wire immersed in the solution. The
temperature was then decreased at a rate of 0.5—1 K/h for
about 20 K so that the crystals could grow slowly and with
high quality. We analyzed the chemical composition of the
crystals by electron probe microanalyses with wavelength-
dispersion spectroscopy (EPMA-WDS) in a CAMECA SX-50
instrument as explained elsewhere.'?

X-ray Powder Diffraction. We used Cu Ko X-ray radia-
tion to collect diffraction patterns of RbTi;—xNb,OPO, crystals,
x = 0-0.09, on a Siemens D5000 powder diffractometer in a
6—6 goniometer using Bragg—Brentano parafocusing geometry
with an Anton-Paar HTK10 platinum ribbon heating stage.
The goniometer was fitted with a diffracted-beam curved gra-
phite monochromator and a scintillation counter as the detec-
tor. We performed three Kinds of experiments: First, we deter-
mined how the cell parameters of RbTi;—xNbOPQO, crystals, x
= 0-0.09, evolved as the concentration of Nb in the crystals
increased. To do this, we determined the X-ray powder
diffraction data at 260 = 10—70°, ss (step scan) = 0.02°, and st
(scan time) = 16 s at room temperature. Second, we took
another series of measurements to study how the cell param-
eters and the thermal expansion coefficients of RbTi;—xNbOPO,
crystals with x = 0, 0.05, and 0.09 evolved as the temperature
was increased. In this case, the powder diffraction data were
obtained at 26 = 10—70°, ss = 0.03°, and st = 5 s in the 298—
1198 K temperature range. The temperature was increased
at a rate of 5 K:s™'. The sample was left for 1800 s at the
measuring temperature to stabilize the equipment and the
sample. Third, we took a series of measurements to study the
evolution and phase transition of RbTi;—xNbOPO,4, x = 0 and
0.09, as the temperature was increased. In this case we used
a Braun position-sensitive detector (PSD). The powder dif-
fraction data were obtained at 26 = 10—70°, and the measuring
time per degree was 10 s in the 973—1373 K range in the
heating and cooling cycles. Patterns were registered every 50
K, and a delay of 200 s was introduced before each measure-
ment. We increased the temperature at a rate of 5 K-s™*
between room temperature and 973 K and at a rate of 1 K-s™*
between 973 and 1323 K. To study the transition from the
orthorhombic phase to the cubic phase, we applied a rate of
0.1 K-s™* between 1323 and 1373 K in the heating cycle and
between and 1373 and 1273 K in the cooling cycle. We then
also decreased the temperature at a rate of 1 K-s™* between
1273 and 973 K and at a rate of 5 K-s™* from 973 K to room
temperature.

Data Refinement. We refined the crystal cell parameters
with the FULLPROF program?® and the Rietveld method.'”
We used the coordinates of the atoms obtained by Thomas et
al.? in the case of RTP and the coordinates calculated previ-
ously by us®® in the case of RTP:Nb crystals as the starting
model for the calculations and selected a Pearson V11 function
to describe individual line profiles.

To determine how the cell parameters and cell volume of
RbTi;xNbyOPO, (x = 0—0.09) crystals evolved as the concen-
tration of Nb was increased at room temperature, the final
Rietveld refinement included the following parameters: the
zero point, the scale factor, one or three background coef-
ficients, the three cell parameters, three half-width param-
eters, and one profile shape parameter. To determine how the
cell parameters and cell volume of RbTi;—x\NbOPO, (x = 0,
0.05, and 0.09) crystals evolved as the temperature increased,
the final Rietveld refinement included the following param-
eters: the scale factor; one, two, or three background coef-
ficients; the three cell parameters; one half-width parameter;
one profile shape parameter; and one preferential orientation
parameter. The zero point was refined only at room temper-
ature. It was not necessary at the remaining temperature
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Figure 1. Evolution of the cell parameters and cell volume
of the RbTi;—xNbyOPO, crystals as a function of the concentra-
tion of niobium (Y = a, b, ¢, or volume).

because the sample was always the same and was not moved
when the temperature was increased, so this parameter was
fixed. Furthermore, refining on the zero point did not introduce
any improvement in the fitting results. In this case, peaks of
Pt were observed because the sample was placed on a plate of
this material. We then also refined the Pt phase. In this case,
the final Rietveld refinement included the following param-
eters for the Pt phase: the scale factor, the cell parameter,
and one preferential orientation parameter.

Differential Thermal Analysis (DTA) Measurements.
We also studied, by differential thermal analysis (DTA) using
a TA Instruments Simultaneous Differential Techniques
Instrument SDT 2960, the phase transitions of RTP and
RTP:Nb crystals at high temperature before the decomposition
of the RTP material. The experiments were carried out in Pt
pans using calcined Al,O3 as the reference material. To obtain
information about the reversibility of this phase transition,
both the sample (weighing around 30 mg) and the reference
material (with a weight similar to that of the sample) were
heated at 10 K/min in the 298—1573 K range in the heating
and cooling cycles. We used Ar as the purge gas at a flow rate
of 90 cm®min. The storage rate of data was always 0.5 s per
data point.

Results and Discussion

Variation of the Lattice Parameters of RbTii1_x-
NbxOPO4 with the Concentration of Nb. Figure 1
shows a plot of the evolution of the lattice parameters
and the volume of RbTi;—xNbyOPO, crystals as functions
of the concentration of Nb>* in the crystal. We represent
the increase or decrease in the different parameters
with respect to the same parameter of pure RTP in the
following way: [(Y — Yrtp)/YrTP] X 100, where Y is the
value of a parameter in the crystal analyzed and Ygtp
is the same parameter for the pure RTP crystal. The a
and b parameters decrease whereas c increases as the
concentration of Nb increases. The cell volume decreases
as the concentration of Nb in the crystal increases.
These changes in the lattice cell are different from those
reported for KTP doped with Nb in the literature,!®
where parameter a essentially did not change for the
doping level studied and parameters b and c increased
as the Nb>* doping increased.

A self-compensation of the excess of electrical charge
of the crystals by the substitution of Ti*" by Nb5" by
the mechanism of creating Rb* vacancies was ob-
served.'® This could be why substituting Ti*" with an
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Figure 2. Evolution of the cell parameters and cell volume of the RbTi;—x\NbyOPO, (x = 0, 0.05, and 0.09) crystals with temperature.

ion with a larger ionic radius (Ti*" has an ionic radius
of 0.605 A in an octahedral environment, and Nb>* has
an ionic radius of 0.64 A in the same environment2°)
did not, as we should expect, increase the three cell par-
ameters of the structure. The vacancies of Rb™ can com-
pensate both the excess of electrical charge in the crystal
and the change in the cell parameters. However, we
were not able to determine the loss in Rb™ by EPMA
analyses, and for that reason, we write the chemical
formula of RTP crystals doped with Nb as RbTi;—xNby-
OPO,.

Thermal Expansion Coefficients. Figure 2 shows
a plot of the evolution of the lattice parameters and
volume of the RbTi;—xNbyOPO4 (x = 0, 0.05 and 0.09)
crystals as functions of temperature. Whereas the
volume and parameters a and b increase as the tem-
perature increases, ¢ decreases. This behavior has been

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

observed in KTP?! and RTP.?22 The most important
feature of the evolution of the cell parameters with
temperature is the dramatic change in the slope of the
evolution of the ¢ parameter. This change also depended
on the concentration of Nb, as occurred at lower tem-
peratures as the concentration of Nb increased.

We attributed this change to the transition from the
ferroelectric phase to the paraelectric phase by analogy
with the work of Yanovskii et al.2® on KTP:Nb. The Nb
in the crystal affected this transition, and when the
concentration of Nb increased, the Curie temperature
(T¢) decreased. This is very important, because the
paraelectric phase loses the nonlinear optical properties
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Table 1. Linear Expansion Coefficients aj; (1076, K™*) of
RbTi;—xNbyOPO, Crystals
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Table 2. Phase Transitions in RbTiOPO,4 and
RbTig.91Nbg0sOPO,4 with Temperature

X 11 22 033 temperature (K) RbTiOPO4 RbTio,gleo,ogoPO4
0 12.7(2) 17.7(5) —10.5(4) 973 RTP RTP
0.05 11.7(2) 16.7(3) —10.2(8) 1073 RTP RTP
0.09 11.9(3) 16.1(3) -9.7(3) 1173 RTP RTP
1273 RTP RTP
; : : . RbTiPOs
of the ferroelectric phase. This way of visualizing the 1323 RTP RTP
phase transition, in this family of compounds, from the RbTiPOs RbTiPOs
ferroelectric phase to the paraelectric phase over the TiO, TiO;
evolution of the ¢ parameter with the temperature has 1373 RbTiPOs RbTiPOs
not yet been described in the literature. TiO2 (rutile) L‘g’o? (rutile)
2
This material is interesting as a possible laser me- 1323 RbTiPOs RbTiPOs
dium; thus, because a significant part of the power TiO2 (rutile) Lik?oz (rutile)
. . L - )
pump is conv_erteq into heat ms_lde the laser material 1273 RbTiPOs RbTiPOs
during operation, it might be subjecteq to_temperatures TiO, (rutile) TiO, (rutile)
above room temperature. Therefore, its linear thermal NbO,
expansion coefficients should be known, to predict how 1173 RTP RbTiPOs
it behaves when the temperature increases. The linear $ibOT"er5t“e) L‘l% (rutile)
_ther_mal _expansion coefficier_lts in a given crystallograph- 1073 RT,§ " RbePOS
ic direction, assumed to be independent of temperature RbTiPOs TiO (rutile)
are represented by o = (AL/AT)/L, where L is the initial TiO; (rutile) NbO
parameter at room temperature and AL is the change 973 Rgp_ o RPJ'POS_I
in this parameter as the temperature changes by AT. $ig;'zru5tile) L'béz(r“t' €)
These thermal expansion cogﬁl_C|ents were calf:ulate.d room RTP RbTiPOs
from the slopes of the linear fittings of the relationship temperature RbTiPOs TiO, (rutile)
between (AL/L) and temperature in the different crys- TiO; (rutile) NbO2

tallographic directions. We used only the lattice param-
eters in the first linear range of the evolution of each
parameter with temperature. Table 1 shows the thermal
expansion coefficients for RbTi;—xNbOPQO, crystals with
x = 0, 0.05, and 0.09. The results for pure RTP agree
well with those reported in the literature.’® The
RTP:Nb thermal expansion coefficients, given for the
first time here, are slightly smaller than those for RTP
(see Table 1); the thermal anisotropy is also lower,
which implies less thermal stress in the crystal. It seems
that the a41, a2, and asz thermal-expansion coefficients
decrease in absolute value as the concentration of Nb
in the crystal increases.

Phase Transition Studies. A complete study of the
phase transitions in RTP with temperature has not yet
been published, and the results in the literature for the
different phase transitions of this material are incon-
sistent. We have studied the phase transitions of
RbTi;—xNbsOPO, crystals with x = 0 and 0.09 with
temperature by X-ray powder diffraction and DTA
analyses. Table 2 shows the phases observed with the
changes in temperature in the RbTi;—xNbyOPO, (x = 0
and 0.09) crystals.

Figure 3a shows, for pure RbTiOPO, crystals, a
detailed view of the evolution of the powder diffraction
pattern with temperature. We can see that the RTP
phase was present between room temperature and 1323
K as the temperature was increased. Above 1323 K, we
detected two new compounds. We identified the first as
the high-temperature cubic phase of RTP, with the
spatial group of symmetry Fd3m and the stoichiometry
of RbTiPOs. We identified the second as the result of
the decomposition of this cubic phase: Rb,O and P,0s
evaporated, but the TiO; in the rutile phase remained
in the solid state. Thermal hysteresis was detected in
the phase transition from the orthorhombic phase to the
cubic phase in RTP because, in the cooling cycle, the

orthorhombic phase reappeared at 1173 K. From 1173
to 973 K, the intensity of the peaks in the cubic phase
started to decrease. These intensities then remained
constant, but the intensity of the peaks in the RTP
phase increased over the same range of temperatures.
However, RbTiPOs was detected thoughout the range
of temperatures in the cooling cycle, although as a
minority phase. An unusual aspect was also the increase
in the intensity of the peaks in the rutile phase between
1373 and 1323 K in the cooling cycle. This was due
either to better crystallization or to a larger amount of
RbTiPOs, despite the lower temperature. The intensity
of the peaks in this phase then remained constant in
all pattern files of the cooling cycle.

The phase transition of RTP from the ferroelectric
phase (Pna2;) to the paraelectric phase (Pnan), which
could be followed by a change in the slope of the
evolution of the ¢ parameter with temperature, cannot
be detected by analyzing the X-ray powder diffraction
patterns of these phases, because all of the peaks that
produced extinction with the change in symmetry from
Pna2; to Pnan have such low intensity that the exist-
ence or the extinction of these peaks cannot be con-
cluded.

Figure 3b shows how the powder diffraction patterns
of RbTip.91Nbp09gOPO,4 evolved as the temperature was
increased. If this figure is described in terms of the
phases appearing or disappearing as temperature in-
creased, we can see that, between 973 and 1173 K, the
orthorhombic RTP was the only phase present. Above
1173 K, the cubic RbTiPOs5 phase appeared. Unlike pure
RTP, however, this phase coexisted with the RTP
orthorhombic phase between 1173 and 1323 K. At 1173
K, the cubic phase did not show all of the expected peaks
of the X-ray powder pattern, but above 1323 K, the
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Figure 3. Selected X-ray powder patterns at different temperatures showing the phase transitions of (a) RbTiOPO, and (b)

RbTiolgle0.090P04 crystals.

intensity of the peaks appeared before increased and
new peaks of this phase appeared. Above 1323 K, the
orthorhombic RTP phase disappeared, and in addition
to the cubic RbTiPOs phase, TiO, (rutile) and NbO;
phases appeared. In the cooling cycle, RbTiPOs, rutile,

and NbO; phases remained, and the orthorhombic RTP
phase did not reappear. We can say, then, that unlike
with pure RTP, the phase transition in this case was
irreversible. This assumption was corroborated by DTA
measurements (see Figure 4).
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Table 3. Phase Transition Temperatures in RbTi;-xNbyOPO, (x = 0, 0.05, and 0.09) Crystals

RbTiOPO, RbTi.95Nbg.0s0PO4 RbTi.01Nbo,0sOPO4
T (Pna2; — Pnan) 1090-1198 K 823—-923 K 698—798 K
To_c (Pnan — Fd3m) 1352 K 1345 K 1330 K
Tq (decomposition) 1414 K 1434 K 1463 K

(a) )
104 ""'——RbTIOPO,

------ RbTi, ,;ND, ,,OPO,
----- RbTi ,,Nb, ,OPO,

Pl =~
Se

0.5
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Temperature difference (K/mg)

T T T T T T T T T
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Temperature (K)
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Figure 4. Differential thermal analysis (DTA) thermograms

of (a) RbTi1—xNbyOPO,4 (x = 0, 0.05, and 0.09) crystals between

1300 and 1550 K and (b) RbTi;—x\NbyOPO4 (x = 0 and 0.09)

crystals in the heating and cooling processes.

Figure 4a shows the results of DTA analyses of
RbTi1—xNbOPO, crystals (x = 0, 0.05, and 0.09). We
observed only the transition from the orthorhombic RTP
phase to the cubic RbTiPOs phase and the decomposi-
tion of this latter phase. There was a significant loss in
weight that coincided with the second peak of the
thermogram, the one that we attributed to the decom-
position of the cubic phase. As can also be seen in this
figure, the temperature of the transition from the
orthorhombic phase to the cubic phase, as well as the
temperature of decomposition of this latter phase, is a
function of the concentration of Nb in the crystals. As
the concentration of Nb in the crystals increased, the
temperature of the transition from the orthorhombic
phase to the cubic phase decreased, and the temperature
of decomposition increased. This might be due to the
stability of the cubic RbTiPOs phase induced by the Nb.
If the cubic phase is more stable because Nb is incor-
porated into the crystals, the activation energy needed
to generate this new cubic phase from the orthorhombic
phase might be lower than that required when there is
no Nb in the crystal. Consequently, the temperature of

the transition between the orthorhombic RTP phase and
cubic RbTiPOs phase decreases as the concentration of
Nb in the crystal increases. This was confirmed by the
lower intensity of the phase transition peak as the
concentration of Nb in the samples increased, since the
measurements were always made with similar sample
weights that cannot explain these changes in intensity.
This transition from the orthorhombic phase to the cubic
phase is reversible (in the sense that we mentioned
earlier) for pure RTP crystals and irreversible for
RTP:Nb crystals (see Figure 4b). The same stabilization
of the cubic phase might be responsible for the higher
decomposition temperature of the cubic phase. As this
cubic phase was more stable, more energy was needed
to decompose it, so the decomposition temperature
increased. This was also confirmed by the greater
intensity of the peak of decomposition as the concentra-
tion of Nb increased (see Figure 4a). These results show
that, when Nb®" substitutes for the pair Ti**/Rb™" in
RTP, the RbTiPOs cubic phase is stabilized by valence
compensation.

Table 3 shows the phase transition temperatures in
this study for RbTi;—xNbxOPO, crystals with x =0, 0.05,
and 0.09. The temperatures corresponding to the transi-
tions from the orthorhombic Pnan phase to the cubic
Fd3m phase and the later decomposition of this cubic
phase were the onset temperatures determined from
DTA. Using these results, we suggest that the chemical
reaction as the is temperature increased, depending on
whether Nb%" is present in the crystals, is

TC

RbTiOPQO, (ferroelectric, Pna2,) ~—
T0-C
RbTiOPO, (paraelectric, Pnan) <——

_ T
RbTiPO, (cubic, Fd3m) — Rb,O (g) + P,0; (g) +
TiO, (rutile)

TC

RbTi,_,Nb,OPO, (ferroelectric, Pna2,) <
TDQC
RbTi,_,Nb,OPO, (paraelectric, Pnan) —

_ T
RbTiPO, (cubic, Fd3m) — Rb,O (g) + P,04(g) +
TiO, (rutile) + NbO,

where T. is the Curie temperature, T, .. is the phase
transition temperature for the transition from the
orthorhombic RTP phase to the cubic RbTiPOs phase,
and Ty is the temperature of decomposition.

Conclusions

We have studied all of the phase transitions that take
place in RTP as the temperature increases. We also
studied RTP crystals doped with Nb, which provided us
with more information about how these phase transi-
tions are affected when Nb is present in the crystals.
The transition from the orthorhombic Pna2; phase to
the Pnan phase, as well as the transition from the
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orthorhombic RTP phase to the cubic RbTiPOs phase,
occurred at lower temperature as the concentration of
Nb in the crystal increased. Also, the decomposition
temperature of the cubic RbTiPOs phase increased,
which indicated that substituting the Ti**/Rb* pair with
Nb®* stabilized the cubic RbTiPOs phase. The transition
temperature from the ferroelectric phase to the paraelec-
tric phase was obtained by the change in the slope of
the evolution of the ¢ parameter of the structure with
temperature. This method was not available in the
literature until now.
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