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The luminescence properties of Tb* in CaWO, crystals are investigated under hydrostatic pressure up to 200 kbar, i. e.
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across the scheelite-to-fergusonite phase transition. It is shown that the typical blue (*Ds) and green (*D4) emissions in this

material are progressively quenched at room temperature as pressure is increased. This quenching is caused by a

www.rsc.org/

downshift of the charge transfer (or impurity trapped exciton) state that is formed between Tb* and nearby W* cations in

conjunction with a pressure-induced increase of the lattice relaxation experienced by this excited state. An empirical
model is introduced to calculate the evolution of the (Th**-W®) charge transfer energy with pressure. Combined with the
pressure dependence of the energy bandgap in CaWO,, the model allows locating the 4f levels of Tb* relative to the
fundamental host lattice for any pressure in the range 0-200 kbar.

1. Introduction

CaWOQ, is a classical phosphor that has been investigated for more
than half a centuryl. It shows an efficient intrinsic blue
luminescence upon UV or X-ray excitation”®. It belongs to the
scheelite family (space group 14,/a, Z = 4), and its crystal structure
consists of isolated (WQ,) tetrahedral units that are loosely bridged
by (CaOg) distorted dodecahedra. These units are responsible for
the main absorption and emission properties. The lowest-lying
excited levels are located in the UV region at about 265 nm (37735
cm'l)a. The absorption transition to these states is referred to as the
host fundamental excitation (HFE) and is related to transitions from
the valence band, essentially formed by 2p orbitals of oxygen, to
the conduction band essentially formed by 5d orbitals of tungsten.
These transitions are commonly ascribed to the spin and electric
dipole allowed lAl - sz transition.” Emission follows internal
relaxation to the 3T2 state and subsequent 3T2 - lAl charge transfer
transition, partially allowed in consequence of the spin-orbit and
electron-phonon couplings and can be interpreted as self-trapped
excitons.’

The luminescence intensity is temperature independent up to 200
K. In the temperature region 200 - 300 K, energy migration and
radiationless processes within the tungstate groups start to
compete with radiative decay and both the intensity and the
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emission decay time significantly decrease. The room temperature
decay time is close to 9 ps and the corresponding decay profile is
single exponentialg‘m.

A great amount of work has already been dedicated to the
luminescence properties of trivalent rare-earth (RE) ions in CaWO,.
The RE** emission can be conveniently obtained through host
sensitization, even if the presence of the blue tungstate
luminescence overlapping the RE lines in the UV-excited emission
spectra indicates that the efficiency of this process is in general
rather limited™ ™.

In the case of Pr** or Tb*" doped samples, the emission dynamics
are influenced by the formation of an intermediate charge transfer
state (or impurity trapped exciton state) that interferes with the 4f
excited states of the dopants by creating new relaxation channels
that lead to the quenching of otherwise emitting levels™*?
The ionization transition creates the Ln** ion (Ln = Tb, Pr) and an
electron in the conduction band (e,). After ionization, the Coulomb
attraction between Ln** and e, allows the system to exist in the
bound state, which defines an impurity trapped exciton (ITE) state
(also referred to praseodymium/terbium trapped exciton (PTE/TTE)
state) in the past literature™ . In the equivalent description of this
process the excitation bands corresponding to pr* (or Tb3+) - W
intervalence charge transfer (IVCT) is considered as a transition
where the electron is transferred from Pr* to nearby we
132935 1t should be noted that the different labels IVCT and

ITE (or PTE/TTE) refer to the same phenomenon. In the case of

cations

CaWO0, (because the conduction band is mainly formed by 5d
orbitals of tungsten) we consider IVCT (or ITE) as the system
consisting of a hole captured at Ln* (forming Ln*") and an electron
localized at the neighbouring WO427 group(s). These processes will
be designed as CT (charge transfer) processes in the following.

The action of pressure on the structural and optical properties of
CaWO,, either undoped or doped with RE ions like Tb3+, Pr* or Eu3+,
has also received attention. CaWO, presents a phase transition
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scheelite structure to the monoclinic
36,37

from the tetragonal
fergusonite structure at pressures exceeding 100 kbar™™"". To our
best knowledge, the optical properties of CaWO, have only been
investigated in the range 0 - 100 kbar, i.

transition. The pressure behavior of the

e. below the phase
luminescence has
evidenced: (1) no significant shift of the emission maximum with
pressure, unlike CdWO, and MgWO, wolframites, (2) continuous
increase of the emission intensity with pressure, (3) slight decrease
of the emission decay time, from 9 to 5 ps, in the range 0 - 100
kbar. The decay curves were found to be single exponential for all
pressuresas. Applying pressure on CaWO4:Tb3+ and CaWO4:Pr3+
induces in both cases a downshift of the CT state relative to the Pr**
(or Tb3+) Af states. The result is a quenching of the 3Po (at 105 kbar)
and 1D2 (at 315 kbar) emissions in CaWO4:Pr3+ and of the 5D3 (at 70
kbar) and 5D4 (at 190 kbar) emissions in CaWO4:Tb3+. The pressure-
induced downshift of the CT state is estimated at -17.4 cm'l/kbar
with and additional downshift of 3200 cm™ across the tetragonal-
to-monoclinic phase transition™**%,
In this paper, we investigate the action of hydrostatic pressure on
the energy levels structure of CaWO4:Tb3+. A model will also be
proposed to account for the pressure-dependence of the CT energy.

2. Experimental

CaWO, crystals nominally doped with 0.5 mol% Tb* were grown by
the flux growth method in the 1350-600 °C temperature range,
using Na,WO, as a solvent 3 Analytical grade CaO (98%, Carlo
Erba), Na,CO; (99%, Aldrich), WO3 (99%, Aldrich) and Th,0; (99.9%,
Aldrich) were used as starting materials. The Tb* ions enter the
Ca®* sites with eightfold oxygen coordination (hereafter denoted at
Caz+(Tb3+) sites). The difference in charge is compensated by the
accommodation of Na* ions present in the growth mixture or by the
formation of cationic vacancies. The excitation source for collecting
the time resolved spectra and luminescence decays consists of a PL
2143 A/SS laser pumping a PG 401/SH parametric optical generator
that generates 30 ps pulses of tuned wavelength with frequency 10
Hz. The luminescence signals were detected using 2501S (Bruker
Optics) spectrograph and a Hamamatsu C4334- 01 Streak Camera.
The time
integration of the streak camera pictures over the time intervals,

resolved luminescence spectra were obtained by
whereas luminescence decays were obtained by integration of the
streak camera pictures over the wavelength intervals®. The
experiments at high pressures were carried out using a Merrill-
Bassett type diamond anvil cell (DAC)AO. Poly (dimethylsiloxane) oil
was used as the pressure-transmitting medium, and a ruby crystal
was used as the pressure detector. All the measurements were
carried out at room temperature.

3. Results and discussion
We know from previous reports that the Tb** emission in

CaWO;;:Tb?’+ can be excited in the UV range below 320 nm, i. e. in
correspondence of the host absorption (transitions from valence to
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Fig. 1 Time-resolved emission spectra of CaWO4:Tb3+.

conduction band) and of ionization processes involving Tb** ions
(transfer of an electron from Tb> ion to the bottom of the
conduction band) considered as T (4f) - we* (5d) CT

Lo 1518
transitions

. We show in Fig. 1 the time-resolved emission
spectra of CaWO4:Tb3+that were measured in the 0 - 10 ms range,
at ambient pressure, upon pulsed excitation at 290 nm (host
absorption) or 318 nm (internal 4f (7F6) - 4f (SHG) transition). The
sharp lines observed in the 350 nm — 500 nm and 470 nm — 650 nm
spectral ranges correspond to emissions from the 5D3 and 5D4 levels,
respectively. The change in the relative intensity of the 503 and 5D4

emission lines with time has been addressed in details in Ref 15.
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Fig. 2 Pressure dependence of the emission spectra of CaWO4:Tb3+.
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Fig. 3 Pressure dependence of the WO42' emission in CaWO4:Tb3+.

Upon direct excitation in the Tb* levels, the SD3 lines dominate at
short time but become weak at longer time, at the benefit of the
SD4 lines. This behavior is the consequence a cross-relaxation
effect™. Upon excitation in the conduction band states, the
weakness of 503 lines and the high intensity of the 5D4 lines at short
time are explained by the depopulation of the 5D3 level through an
intermediate CT state, resulting in the feeding of the5D4 level®. At
short time, the Tb*" lines overlap the broad WO42' emission band
that extends from 350 nm to 600 nm. The presence of this fast
decaying band indicates that the WO;;Z'—Tb3+ energy transfer is not
complete at ambient pressure. We show in Fig. 2 the time resolved
emission spectra obtained at different pressures upon excitation at
290 nm. The time scale is reduced to 0 - 20 pus to magnify the host
luminescence relative to the Tb*" lines. The application of pressure
(P) induces a blue shift of the band maximum and an increase of the
intensity ratio between the WO42' and Tb*'-related features. We
further note a significant alteration of the band shape in
correspondence of the tetragonal-to-monoclinic phase transition (P
> 100 kbar). Figs. 3 and 4 show the action of pressure on the decay
profiles of the WO42' and Tb** (5D4) emissions, respectively. In both
cases, a complex evolution with pressure is observed. Average
values of the time constant were determined using:
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Fig. 4 Pressure dependence of the 5D4 (Tb3+) emission in
CaWO,:Tb*". Excitation at 290 nm.
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Fig. 5 Pressure dependence of the average time constants of WO42'
and °D, (Tb*") emissions in CaW0,:Tb>". Excitation at 290 nm.
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T= (1)
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where I(t) represents the emission intensity at time t. The obtained
values are plotted against pressure in Fig. 5.

Concerning the decay of the host crystal, it is known from previous
reports that the decay time of CaWO, at room temperature and
ambient pressure is only 9 usas, being the emission of this unit
significantly affected by non-radiative losses ascribed to energy
migration and internal thermal quenching“. In CaWO4:Tb3+, the
decay time of the host becomes 4.5 us in consequence of the host
to Th>" energy transfer process, whose efficiency, ner, estimated
using the equation:

Tdoped

Ner =1- (2)

Tundoped

is about 50 %. As described in Ref. 38, the application of pressure
modifies the energy level diagram of the WO42' unit, alters its
probabilities of radiative and non-radiative decays, and finally its
emission time-constant.

Other effects,
structural parameters (especially the shrinkage of WO42'—WO4Z' and
WO42'-CaZ+(Tb3+) distances, see Fig. 6) should increase the efficiency

like the pressure-induced modification of the

of the WO‘;Z'-Tb3+ energy transfer and shorten the decay times
accordingly. The concomitancy of different processes accounts for
the non-linear behavior of the WO42' decay profiles upon
application of pressure.

The Tb** decays also show complex evolution, especially across the
phase transition. For the low pressures, the SD4 level is fed either
from the 5D3 level, by mean of cross-relaxation, or directly from the
CT state. Upon applying pressure, the CT state undergoes an energy
downshift that causes the progressive quenching of 5D4 emission
lines, which is clearly evidenced in Fig. 5 by the shortening of the
corresponding emission time constant.

J. Name., 2013, 00, 1-3 | 3
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35 .. . .
, an empirical equation has been introduced to

A few years ago”’
estimate the energy of the charge transfer state that is formed
between Tb®* and a transition metal (M™) with d° electron
configuration. At ambient pressure (P=0), this equation has the
form:

X (M) (3)

(Tb3+ ]
d(Tb* —M")

-M",em™), =58800 — 49800

Where Xopt(M'”) is the optical electronegativity of the transition
metal ion and dg(Tb3+-IVI"+) is the shortest distance separating the
cations at ambient pressure34’35. This distance corresponds to the
Ca®*(Tb*)-W®" distance in the lattice. Taking Xom(l/l/&‘)=242 and a
Ca®*(Tb*")-W®" distance of 3.70 A at ambient pressure, we calculate
a CT energy of 31880 em™ (= 313 nm). This locates the
corresponding CT band in correspondence of the edge of the
excitation spectrum®. As stated above, the (Tb>*-M™) CT is
interpreted as an electronic transition from the 7F6 ground state of
Tb*>* to the bottom of the conduction band of the host Iattice43,
mostly consisting of empty d states of M™. The resulting Tb* ion
that is formed attracts the nearest negative oxygen ions more
efficiently than . As a consequence, the electron-lattice
relaxation (LR) diminishes the energy of CT (or ITE) states. From the
knowledge of the CT energy and LR, it is possible to locate the 4f
levels of Tb** relative to the host fundamental band®. As pointed
out in the Introduction, the host fundamental excitation (HFE) is at
37735 cm™. On the basis of the model proposed in Ref. 43, the
bottom of the conduction band (i. e. the energy of the delocalized
electron in CaWO,) can be estimated at 1.08xHFE= 40754 cm™
(5.05 eV) from the top of the valence band and defines the width of
the host bandgap at ambient pressure, Eg,y. The binding energy of
the electron after (Tb3+—M"+) CT is smaller than its binding energy
after HFE. In Ref. 23, it was assumed at 1.04 times the HFE (=
Egy/1.04) above the valence band. From this ground, the energy of
the 7F6 ground state of Tb**at ambient pressure can be calculated
using the expression:

E(7F6,cm'1)0 _ Eg, —(Tp —M’H,cm_l)o (4)

1.04

where Eg, is expressed in em™, Equations (3) and (4) can be
conveniently modified in order to take into account the evolution of
the CT energy upon application of pressure and then predict the
evolution of the whole energy level scheme of CaWO4:Tb3+. For this,
a description of the pressure-dependence of the crystal structure
and electronic properties (viz. the bandgap) of the CaWO, lattice is
required. Using the structural data of the fergusonite phase
determined at a pressure of 11.2 GPa (112 kbar)as, the structural
description of the scheelite phase at ambient pressure44 and the
pressure dependence of the lattice parameters (reported in Ref. 36)
as input data, we have calculated the pressure-dependence of the
average Ca”'(Tb>")-0” and of the shortest Ca”'(Tb*")-W®*and W0,*-
WOf'interatomic distances in the material. The results are shown
in Fig. 6, and the rates of shortening have been determined and
reported in Table 1 for all distances.
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Fig. 6 Pressure dependence of relevant interatomic distances in
CaWO0,

We point out the abrupt shrinkage of the W-W distance across the
phase transition (from 3.725A at 95.4 kbar to 3.597A at 106.8 kbar).
The effect of pressure on the electronic structure of CaWwO, has
been investigated in Ref. 45. It was found that the bandgap
decreased at a rate of -2.1 meV/Gpa (1.7 cm'l/kbar) in the scheelite
phase, and much more rapidly, i. e. at a rate of -73 meV/Gpa (58.8
cm'l/kbar), in the fergusonite phase. From Egs (3) and (4), we locate
the 7F6 ground state of Tb*" in CaWO, at ambient pressure at = 7300
cm® (0.9 eV) above the top of the valence band, in correspondence
with the difference 40754/1.04 - 31880. Obviously, the relevancy of
the values depends on the initial choice of the bandgap value.
Taking a bandgap of 5.2 eV, as done for instance in Ref. 18, or at 5.4
eV as done in Ref. 43 would shift the whole diagram to higher
energies with respect to the top of the valence band. Upon
application of pressure, we expect an upward shift of the 4f levels
due to the shrinkage of the interatomic distances*®.This effect is
concomitant with the pressure downshift of the scheelite bandgap

that follows Egj =Eg(‘)g —1.7P, with P in kbar®.The upper script

S in this equation stands for the scheelite polymorph. We will
estimate the pressure-induced downshift of the (Tb3+—W6+) CT state
using:

W 5
Th* —W* ,em™)S = 58800 — 49800 7}{"”’( ) ©)
p N 3 6
! d;(Th* —W*")

where P is the pressure in kbar and d}f(T * —W*™) is the shortest

in the
scheelite polymorph. This distance, for any value of P in the range
[0 - 100 kbar], can be calculated as:

(pressure-dependent) distance separating the cations

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Pressure shifts of some interatomic distances in CaWO,.

Pressure shift in
fergusonite (10 A/kbar)

Pressure shift in
scheelite (10° A/kbar)

Interatomic
distance (A)

ca”(Th*")-0” 1.2 0.7
ca”(Tb>)-w®* 412 2.8
wo,”-Wo,” 1.8 -1.5

d*(Tb" —W*)=d;(Tb" —W*)-1.210"P (6)

The pressure dependence of the energy of the (Tb3+-W6+) CT state is
presented in Fig. 7. The energy of the T ground state can then be
estimated from:

E(F,,em™)’ = (EgS /1.04)— (Tb* =M™ ,cm™)} (7)

P

with pressures expressed in kbar. Using the values given in [18], the
energy of the excited 5D4 and 5D?, levels are obtained as:

E(CD,,em™)} = E(F,,cm™)’ +20520 (8)
and
ECD,,em™)} = ECF,,cm™)’ +26227 (9)

The results are reproduced in Fig. 8 taking Eg, = 40754 em™ and
dOS(T W) = 3.706 A as input data. For the fergusonite
polymorph, we have Egj =Eg0F _58.8P with Egl= 557 eV
(44920 cm'1)45. The upper script F stands now for the fergusonite
form, i. e. for P > 100 kbar. From Ref. 36, we have 4, (Tb** - ")
= 3.56 A. Taking this value and the rates given in Table 1, we can
obtain the Tb*"-W®" distances for pressures larger than 100 kbar
using:

dI(Tb> —-W*)=d/,(Tb* —W*)-2.810"(P-112) (10)
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Fig. 7 Pressure dependence of the (Tb®-W®) CT energy in
CaW04:Th**
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Fig. 8 Energy level scheme of CaWO4:Tb3+ under pressure. Only the
relevant levels are represented. The data are extrapolated to 190
kbar. The top of the valence band is fixed arbitrarily to energy 0.

This allows determining the (Tb3+-W6+) CT energy using an equation
similar to Eq. (5). The energy of the 7F6, 5D4 and 5D3 states of Tb*"is
then obtained by using equations similar to (7) - (9), but including
the fergusonite parameters. The corresponding results are included
in Fig. 8. This figure gives therefore the evolution of the energy level
structure of CaWO4:Tb3+under hydrostatic pressure and particularly
across the scheelite-to-fergusonite phase transition.As previously
mentioned, the quenching at room temperature of the 5D3 and 5D4
states occurs at pressures of 70 and 190 kbar, respectively.

This quenching is caused by the pressure-induced downshift of the
CT state in conjunction with the pressure-dependent lattice
relaxation (LR) experienced by this excited state. On the basis of the
arguments developed in Ref. 18, complete quenching of the
emitting states occurs when the energy of these states coincide
with the CT reduced by LR.

On the basis of the arguments developed in Ref. 13, complete
quenching of the emitting states occurs when the energy of these
states coincide with the (Tb**-W®") CT reduced by LR,. We easily
obtain the LR, values for P = 70 and 190 kbar following:

LR, = (Th*" — Ws*,cm")f0 —26227=5029 cm™(11)
and

LR, = (Tb* —W* ,em™)!, —20250 =8730 cm ™ (12)

The difference of 3700 cm™ between these values compares well
with the 3200 cm™ downshift of CT reported in Ref. 18. It can be
accounted for by an increase of the force constant of the (Tb3+-W6+)
CT state by the action of pressureas, especially across the scheelite —
to — fergusonite phase transition. This is depicted schematically in
the configuration diagrams of Fig. 9. It is worth noting here that
such a modification of the CT states with pressure is consistent with
the blue shift experienced by the W042' CT emission across the
scheelite — to — fergusonite phase transition (see Fig. 2).

J. Name., 2013, 00, 1-3 | 5
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Fig. 9 Schematic one coordinate configuration diagram of
CaWO[;:Tb3+ under pressure. Only the relevant levels are presented.

4. Conclusions

It is shown that the emission of Tb®* is quenched at room
temperature in CaWO, under the application of high pressure. This
quenching is caused by a pressure-induced downshift of the charge
transfer (or impurity trapped exciton) state that is formed between
Tb** and nearby W®" cations. This effect is a consequence of the
shrinkage of the interatomic distances in the material. A model is
introduced to calculate the (Tb**-W®") CT energy under pressure.
Combined with the pressure dependence of the energy bandgap in
CaWOQ,, the model allows locating the 4f levels of Tb*" relative to
the fundamental host lattice for any pressure and is used to
determine the lattice relaxation energy.
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