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Phase Transitions in KTiOPO, Studied by *'P Nuclear Magnetic Relaxation
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Undoped and Cr-doped samples of electrooptic material KTiOPO, were studied by *'P nuclear magnetic res-
onance (NMR). Spin-lattice relaxation time (7;) measurements manifested phase transition behaviors that are
attributed to changes in the dominant charge carriers in different temperature ranges.

1. Introduction

KTiOPO, (KTP), whose orthorhombic crystal structure is
illustrated in Fig. 1 [1-4], is an important new electrooptic
material, with a rare combination of pyroelectricity and
superionic conductivity [5-13]. It exhibits high nonlinear
optical coefficients and shows a strong low frequency
dielectric dispersion associated with the thermally activated
hopping process presumably involving K* ions. KTP is a
particularly efficient doubler of the Nd:YAG fundamental
frequency (A = 1.06 um) into the green part of the spectrum
and is advantageous in use because of its high laser-damage
threshold, large temperature range for phase matching, and
mechanical robustness. The relationship of the crystal struc-
ture and nonlinear optical properties has been studied by
various workers [1, 14, 15].

Besides the high temperature ferroelectric phase transi-
tion [6, 12, 16], a low temperature superionic transition
around 200 K accompanied by an off-pyroelectric current
generation has been reported [5, 6]. In addition, a room
temperature transition involving the creation of polarons has
been suggested from the temperature dependence of the ac
conductivity [13]. The phase transitions at around 200 and
300 K involve changes in charge-carriers, but no structural
changes.

While properties of KTP have been investigated by vari-
ous experimental techniques, studies of microscopic envi-
ronments and lattice dynamics using NMR would provide
additional valuable information. Thus it is the purpose of
this work to reveal the nature of the phase transition behav-
iors associated with the charge carrier dynamics in this sys-
tem employing °'P NMR. Recently, paramagnetic impurity-
doped KTP has attracted much attention for use in optical
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Fig. 1. The crystal structure of KTiOPO, along the ac plane.

waveguides and refractivity variation [17]. Thus, Cr-doped
KTP was also studied in this work in comparison to
undoped KTP. Ion exchange method is used for the substi-
tution of Rb*, Ba*, Cs*ions for K* ions for refractive index
change, and ion implantation method for the substitution of
Fe*t, Cr’*, V¥, Mo** ions for K* ions for reduced ion con-
ductivity [17]. EPR (electron paramagnetic resonance) stud-
ies have revealed that the Cr’* paramagnetic impurity in
KTP substitutes for the Ti(1) and Ti(2) positions [18].

Undoped and Cr-doped (0.05%) KTP crystals made by
the flux method were used in this work. *P NMR spin-lat-
tice relaxation time (7)) measurements were made in the
temperature range 77 to 390 K using the inversion recovery
method at the Larmor frequency of 17.9 MHz.
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Fig. 2. The variation of magnetization (17.9 MHz *'P NMR
spin-lattice relaxation pattern) in undoped KTP at room tem-
perature.

The spin-lattice relaxation patterns were quite well
described with a single exponential form at all temperatures
as shown in Fig. 2, indicative of a strong spin diffusion in
the system. In the simple NMR theory, the general behavior
of the spin-lattice relaxation rate (1/7) for random motions
of the Arrhenius type with a correlation time 7 is described
in terms of three regimes: fast, intermediate, and slow
motion regimes. For the fast motion regime, i.e., for, @t<1,
T, ~ expl+E,/kT], and for the slow motion regime, i.e.,
for wt > 1, T, ~ 0 exp[-E,/kT), where @ is the Larmor
frequency and E, is the activation energy.

Figure 3 shows the spin-lattice relaxation rates (1/7) vs
the inverse temperature (1/7). In the case of the undoped
KTP, it is shown that different limits are satisfied for @7 in
each of the three temperature ranges separated by T, = 200
K and T, = 300 K, respectively. Specifically, the limit wz>>
1 would apply for T < T, and T > Ty, and the limit 7 < 1
for T., < T < T,. This indicates that at 17.9 MHz the spec-
tral density is dominated by distinct motions in each tem-
perature range with a characteristic activation energy. These
observations can be used to establish T, and T, as phase
transition temperatures in a way or another.

The activation energies for the undoped KTP obtained
from the distinct slopes in Fig. 3 are 0.025 eV in the low
temperature phase (phase I) below T, 0.070 eV in the
intermediate phase (phase II) between T and T, and 0.12
eV in the high temperature phase (phase III) above T, [13,
19]. In other words, greater thermal activation energies are
necessary in higher temperature phases, indicative of
greater effective masses. In fact, the dominant charge car-
riers are known to be electrons in phase I, K* ions in phase
11, and polarons in phase III, which are effectively K* ions
accompanied by lattice deformation, respectively [5, 6, 13].

From the slope changes in the spin-lattice relaxation rates
for the Cr-doped KTP in Fig. 3, the phase transition tem-
peratures T.,' and T, corresponding to T and T, in
undoped KTP, appear to be around 170 K and 340 K,
respectively. In other words, the phase transitions associated
with the superionic conduction and large polaron formation
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Fig. 3. The spin-lattice relaxation rates (1/7}) vs the inverse
temperature (1/7) for undoped and Cr-doped KTP. Note the
different vertical scales for the undoped and Cr-doped KTP
measurements.

take place at temperatures considerably shifted in compar-
ison to the case of undoped KTP system. This indicates that
the substitution of Cr’* for Ti** in Cr-doped KTP [18],
which gives rise to an additional electron in the TiOq octa-
hedron interacting with the K* ion, gives rise to significant
modification in the charge conduction and lattice deforma-
tion in the KTP lattice. In fact, in the undoped KTP the
limit wr < 1 was applied in the temperature range between
T.; and T, whereas the limit @7 > 1 appears to hold in the
Cr-doped KTP. Much enhanced spin-lattice relaxation rates
in Fig. 3 are also observed, attributed to the paramagnetic
impurities. The activation energies for the Cr-doped KTP
obtained from the slopes in Fig. 3 are 0.08 eV, 0.14 eV, and
0.28 eV in the phase I, II, and III, respectively.

In summary, >'P NMR spin-lattice relaxation measure-
ments were made in this work on flux grown samples of
undoped and Cr-doped KTiOPO, (KTP). As a result, two
phase transitions, corresponding to the change of the dom-
inant charge carriers, were identified and characterized.
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