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In this study, the photoluminescence properties of congruent codoped LiNbO3:Cr3*; W** crystals have
been systematically investigated by performing photoluminescence studies at room temperature in the 0
—280 kbar pressure range. In particular, we focus on the influence that hydrostatic pressure has on the
2E— “A, (R-lines) transitions of Cr>*. It has been observed that the pressure dependence of the spectral
position of the R-lines associated with both Cr>* centres § and y shows a bilinear behaviour with an

abrupt slope change near 210 kbar. This change is related to the existence of a pressure-induced
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structural phase transition in the LiNbO3 host. The analysis of experimental results provides the Racah
parameters B and C and the crystal field parameter 10Dq and their pressure and volume, through the
crystal field theory and equation of state, dependences.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Since the synthesis and growth of lithium niobate crystals
(LiNbO3, LN), a great interest arose due to their important techno-
logical applications as infrared tunable laser, frequency doubler,
surface acoustic waves (SAW) devices, as well as in nonlinear optics,
being an archetypical photorefractive material [1—4].

The LN crystals are grown using the Czochralski method,
showing the so-called congruents (ratio [Li]/[Nb] = 0.945) a greater
ease of growth. However, they present a high concentration of
structural defects, for example: lithium vacancies, antisites, i. e.
Nb>* ions at lithium sites in different crystalline environments. It
has been shown that the antisite concentration is 3.7% and va-
cancies, which can be decreased up to the point of almost getting
‘stoichiometric-like’ crystal through doping with metallic ions of
valence 2+, 3+ and 4+ [2,5,6]. In particular, Cr>* ions are incor-
porated in congruent LN crystals, either in distorted octahedra or
antisites (y centres), in distorted octahedra (o and B centres) or
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replacing Nb>* (3 centre) in nearly stoichiometric crystals [7—9].
The congruent doped LiNbO3:Cr>* have been intensively investi-
gated for decades aiming to identify these centers by different
experimental techniques such as electron paramagnetic resonance
(EPR), electron-nuclear double resonance (ENDOR) and optical
absorption/emission spectroscopies [7,10—13]. In particular, several
octahedral Cr3* centres having slightly different crystal surround-
ings have been identified, each centre exhibiting a different pho-
toluminescent (PL) response depending on its crystal-field strength
[14]. Emission spectroscopy reveals the crystal-field strength
through the width and position of the PL band. A broad band
emission occurs in weak field, and corresponds to the transition 4T2
— 4A2_ whereas in strong field a narrow PL peak appears due to the
2E — “A, transition, %A, being the ground state. The application of
hydrostatic pressure increases the crystal field strength at Cr>* by
shortening of the ion-ligand distance thus enabling an excited state
spin crossover 2E < T, on passing from a weak field to a strong
field. This crossover modifies PL from a broad band to a narrow
peak emission allowing a direct identification of Cr>* centres in LN.
Due to this, high pressure within optical spectroscopy constitutes a
powerful tool to investigate Cr>* optical centres formed in low
symmetry crystals with multisite like LN.
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Interestingly, solid-state reactivity yielding multisite formation
in LN can be studied by codoping with different valence state ions
such as Mg?* [15] or, as in the present case, W**, and Cr>*. The
formers influencing the LN multisite structure and the latter being a
useful probe to unveil which multisite-related Cr>* centres are
formed. In this work we focus on the effect of coping LN with W4+
and Cr3* through the formation of Cr>* centres. The results will be
compared with those previously obtained in LN doped with Mg?*
and Cr3* [15] aiming to unveil the role played by W** upon Mg?*
replacement. On the other hand, it must be noted that, according to
Shannon ionic radii [16], W** and Cr>* are similar, 0.65 A and
0.62 A, respectively; making it suitable for these ions to get into the
Li* site (ionic radius, 0.74 A) of LN, from the melt, during the crystal
growth.

This work investigates the room-temperature PL and its
dependence with hydrostatic pressure on a codoped LiNbO5:Cr3*
(0.05%); W** (0.5%) crystal. In this study, pressure was applied in
the 0—280 kbar range. The idea is twofold: 1) codoping with W4+
modifies the Cr>* centre formation with respect to Mg+ codoping,
thus favouring Cr3* centre formation which can be minority, or
even not formed, in congruent LN, or LN doped with Mg?* and
Cr>*; 2) high hydrostatic pressure induces excited state crossover in
most Cr>* jons making easy the identification of new Cr>* centres
through their narrow 2E — %A, emissions, and/or to study their
pressure behaviour.

A relevant feature is to explore the PL behaviour of the surviving
Cr>* PL centres above the first-order structural phase transition of
the host crystal LN, which is known to occur at about 210 kbar
[17,18]. We are also interested in correlating the spectroscopic data
with structural parameters by means of Crystal Field Theory and
the Murnaghan equation of state. We aim to explore the crystal
volume and interatomic Cr—O dependences of the crystal field
10Dg and Racah B and C parameters obtained as a function of
pressure.

2. Materials and experimental methods

Single crystals of LINbO; doped with Cr3+; W4+ were grown by
Czochralski method in the Crystal Growth Laboratory at the
Institute of Physics in UNAM. The crystal was prepared using
99.99% Sigma-Aldrich Lithium Niobate; in the melt, doped with
WO, (0.5 mol %) and CrO; (0.05 mol %). A Cary 6000i spectro-
photometer was used to obtain the absorption spectra. Absorption
spectra as a function of temperature were done in a spectropho-
tometer Cary 6000i and a helium closed cycle cryostat Advance
Research Systems (ARS), model DE-204 AE, with a temperature
controller Lake Shore, model CS202 Al-DMX-4, allowing temper-
ature variations in the 7—300 K with stability of +0.01 K. Several
single crystal plates from the as-grown rod were cut and polished
with 1 um alumina powder for optical absorption studies. Exper-
iments were done on a plate of 2.030 + 0.010 mm thickness. High-
pressure experiments were performed at the University of Can-
tabria, Spain, using a Diamond Anvil Cell (DAC) — Boehler-Almax —
with 300 pm culet diamond anvils. A 200 um hole was drilled in a
40 um thickness preindented gasket, and silicon oil was used as
pressure transmitter. The sample was polished to 80 um width and
the pressure was calibrated using the R line shift of a 20-um ruby
balls. PL measurements at high pressure were performed in the
0—260 kbar range using a Triax 330 spectrometer equipped with a
fast ICCD. The optical signal was collected with a Newfocus 9092-
M and guided with optical fibre coupling to the spectrometer
entrance slit. Optical absorption measurements under high-
pressure conditions were done in a specially designed micro-
spectrophotometer for working with DAC [19]. All pressure mea-
surements were done at room temperature.

3. Theoretical considerations

First, making the most of some theoretical relationships of the
crystal field and the Murnaghan equation of state, it is possible to
correlate the exponent n of the power law relating the crystal field
with the interatomic distance, i.e. the ion-ligand distance, the value
of which is important for the knowledge of the singularities of Cr3*
in LN. Second, using the Tanabe-Sugano diagrams [20], the crystal
field parameter 10Dq derived from the first “A; — T, band of the
absorption spectrum, and the Racah parameters, B and C, from the
2E — %A, emission, we can obtain the pressure dependence of these
parameters from the high pressure measurements and thus their
volume dependence with the LN Equation of State.

It should be noticed that there is no detailed knowledge about
the parameters involved in the description of the different LN
centers, except for their symmetry and on the other hand the
Tanabe-Sugano crystal field approximation describes very well the
Cr3+ optical spectra by which the octahedral crystal site approxi-
mation would be followed in this work.

Within the Crystal Field Theory, 10Dq is related to the ion-ligand
distance R as 10Dq ~ R™. With the modification of the ion-ligand
distance R, the crystal field strength is given by: Dg/Dqo = (Ro/R)".
For small variations of R this equation can be written as:

ADgq Dqp
AR - "R, W

On the other hand, the equation relating the increase 10Dq with
pressure is given by Ref. [21]:

dDq 1dR nk
ap ~ "Pigap =Pz

Where Kj is the bulk modulus at ambient pressure and nk ~ 3—5
is an effective parameter scaling the pressure variation of R to the
lattice interatomic distance, ie. the volume cubic root, L = V'3,
Parameter k is less than, equal to or greater than the unit, when the
pressure on the ion site is respectively less than, equal to or greater
than the pressure on the bulk, i.e. the local bulk modulus of the CrOg
octahedron is Kp/k.

The Murnaghan equation of state is [22,23]:

(2)
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where Lg and L are the LN lattice interatomic distances at ambient,
and P pressure, respectively, Ko = 1340 + 30 kbar is the bulk
modulus for LN, and K’ = 2.9 + 0.5 its pressure derivative [17].

The local equation of state relates the ion-ligand (Cr-O) distance
Rp at ambient pressure Py, and the ion-ligand distance R at a
pressure P, which is modified as the shift per ion-ligand distance
unit:

AR kKN ~ Y3k
R—o—< ~(1+7%) ) “

where AR = Ry — R.

Furthermore, in addition to Dq, the Racah parameters B and C
are required when describing the interelectronic interaction. All
these parameters are determined from the absorption spectrum
taking into account the following relations [24,25]:

E(*T,) = 10Dq (5.1)
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