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The temperature dependence and time evolution of the fluorescence was studied for samples of
CaMoO,: YNbO,; and CaMoOQO,: NdNbO,, and the results are used to characterize the thermal
quenching and host-sensitized energy transfer properties of these materials. Doping with YNbO, is
found to enhance the room-temperature luminescence yield of CaMoO,. Efficient host-sensitized
energy transfer to Nd** ions was observed in CaMoO, : NdNbO,, and the fluorescence lifetime of Nd**

was found to be close to its radiative lifetime in this host.

1. Introduction

Molybdates are interesting materials for
phosphor and laser applications. CaMoO,
exhibits a green fluorescence emission band
attributed to charge transfer transitions of
the MoO}~ molecular ion (/-3). This is an
intense luminescence at low temperatures
but is strongly quenched at room tempera-
ture. Molybdates such as CaMoQ, and
SrMoO, doped with Nd** and charge com-
pensated with Nb (5) have been shown to
be good laser materials (4—6). We report
here an investigation of the properties of
thermal quenching and host-sensitized
energy transfer in the materials CaMo
0,4: YNbO, and CaMoQ,: NdNbO,.

Single crystals were grown from con-
gruent melts by the Czochralski method by

* Permanent address: Applied Solid State Chem-
istry Laboratory, Faculty of Sciences, Charia Ibn
Batota Rabat, Morocco.
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Brixner at DuPont (7). The coupled substi-
tution Ca?* + Mo®* = Ln** + Nb’* keeps
the Ln** dopant ions in the trivalent state.
Our samples contained approximately 1.2
mole% NdANbO, or YNbO,.

The absorption spectra were recorded on
a Perkin—Elmer spectrophotometer. The
fluorescence spectra and lifetimes were
measured using a pulsed nitrogen laser as
an excitation source at A = 337.1 nm. The
excitation pulse is less than 0.4 nm wide
and 10 nsec in duration. The samples were
mounted in a cryogenic refrigerator capable
of controlling the temperature between 10
and 300 K. The fluorescence was analyzed
by a 1-m monochromator, detected by a
cooled RCA (31034 photomultiplier tube,
averaged by a boxcar integrator triggered
by the laser, and displayed on a strip-chart
recorder. To investigate the characteristics
of host-sensitized energy transfer, time-
resolved spectroscopy (TRS) measure-
ments were made by gating the boxcar to

0022-4596/87 $3.00
Copyright © 1987 by Academic Press, Inc.
All rights of reproduction in any form reserved.



370

Ig(arb. units
\"
W

A(om)

Fic. 1. Examples of fluorescence spectra of some
rare earth-doped molybdate crystals. (A) CaMo
0,: YNDbO, at 100 usec after the laser pulse, T = 300
K; (B) CaMoO,: NdNbO, at 100 usec after the laser
pulse, T = 11 K; (C) CaMoO,: NdNbO, at 100 nsec
after the laser pulse, T = 300 K; (D)
CaMoO, : NdNbO, at 30 usec after the laser pulse, 7 =
300 K.

record the spectra at set times after the
laser pulse.

II. Experimental Results

The absorption edge of these samples
occurs near 340.0 nm, which i1s similar to
undoped CaMoQ, crystals. The tempera-
ture and time dependences of the fluo-
rescence emission were studied in detail for
both of the samples. Typical examples of
the emission spectra taken under different
experimental conditions are shown in Fig.
1. CaMoO,: YNbO, has a broad fluo-
rescence band in the region 400 to 800 nm
similar to CaMoQ,, except that the emis-
sion intensity is stronger and the fluo-
rescence lifetime longer at room
temperature than in the undoped material
(I-3). The structure of this band indicates
the presence of two or more unresolved
transitions contributing to the observed
emission.

The Nd** absorption transitions in
CaMoO,: NdNbO, are a series of sharp
lines associated with 4f-4f transitions
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which are similar to Nd** spectral features
in other host crystals. In Fig. 2 the Nd**
emission lines in the visible region of the
spectrum associated with the transitions
from the *Fy, metastable state to the crystal
field components of the *lo, ground state
manifold are seen between 850 and 900 nm.
These transitions can be used to monitor
the fluorescence quenching and energy
transfer processes of interest to this study.
The Nd** lines dominate the spectrum
observed at 30 usec after the excitation
pulse, whereas the spectrum taken at 100
nsec after the laser pulse also shows the
broad emission band of the host crystal. In
this case the host emission band exhibits
significant structure associated with radia-
tive reabsorption of the fluorescence by the
Nd** ions. The ratio of the integrated areas
of the dips in the band caused by radiative
energy transfer to that of the total band was
found to remain constant at a value of about
0.2 with time after the excitation pulse for
all temperatures. This is discussed further
in the following section.

The temperature dependences of the
fluorescence lifetimes of the host emission
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Fic. 2. Temperature dependence of the fluores-
scence lifetimes of CaMoQ,: YNbO, (solid circles),
CaMoO,: NdNbO, host emission (squares), and Nd**
emission (open circles).



LUMINESCENCE IN DOPED CaMoO, AND SrMoO, CRYSTALS

in both the YNbO,- (r5;) and NdNbO (rg)
doped samples, and the Nd** emission (14)
in the latter sample, are shown in Fig. 2. ™H
exhibits a significant decrease between 10 K
and room temperature. The spread in data
points at low temperature is associated with
different values measured at different spec-
tral positions across the broad emission
band. This may be attributed to the effects
of inhomogeneous broadening at low tem-
peratures due to local disorder in the crys-
tal. Phonon processes cause homogeneous
broadening to dominate at high tempera-
tures and a single lifetime is measured for
all positions in the band. The temperature
dependence of the host fluorescence life-
time in the NdNbO,-doped sample is signif-
icantly different from that of the YNbO,
sample, and the magnitude of 7y is less than
that of 7y at all temperatures. Ty increases
between 10 and 145 K and then decreases
as temperature is raised to 300 K. These
characteristics are the effects of host-
sensitized energy transfer as well as the
presence of thermal quenching, and are
discussed further in the following section.
The Nd** fluorescence lifetime is about 148
pusec at all temperatures, which is close to
the radiative decay time of 152 usec pre-
dicted by earlier measurements (8).

Figure 3 shows the temperature depen-
dences of the fluorescence intensities of the
host and Nd** emission bands in both the
YNbO,- and NdNbO,-doped samples. The
peaks of the host emission bands in both
samples are normalized to a value of 10 at
300 K. These peak intensities generally
decrease exponentially as temperature is
lowered. The rate of decrease is greater for
the host peak in the NdANbO4doped
sample, which exhibits a slight initial
increase as temperature is lowered from
300 K and then tends to become constant
below 100 K. The integrated intensity of the
Nd** fluorescence near 875 nm also
decreases exponentially with decreasing
temperature down to about 100 K and then
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FiG. 3. Temperature dependences of the peak fluo-
rescence intensities of (a) CaMoQ,: YNbO, and (b)
CaMoQ, : NdNbO, host emission, the integrated fiuo-
rescence intensities of CaMoO,: NdNbO, host emis-
sion (circles) and Nd®* emission (squares), and the
ratios of the integrated fluorescence intensities of the
Nd** and host emission in CaMoO,: NdNbO, (c).

tends toward a constant value. The ratio of
the integrated intensities of the Nd** emis-
sion and the host emission in the
CaMoQO,: NdNbO, sample 1is constant
between about 50 and 150 K and then
decreases exponentially as temperature is
increased to 300 K.

III. Interpretation of Results

The independence of the absorption band
edge on doping compositions has been
observed previously (I, 9). The band edge
absorption has been attributed to a charge
transfer transition in which an oxygen 2p
electron goes into one of the empty 4d
orbitals of the molybdenum (9). The host
emission band is associated with the Stokes
shifted reverse of this transition. For the
samples investigated here, the large spec-
tral shift and long low-temperature lifetime
suggest the presence of radiationless relax-
ation to a triplet excited state before a spin
forbidden radiative emission to the singlet
ground state (10).
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The fact that the peak fluorescence
intensity of the host emission band in
CaMo0O,: YNbO, increases while the
fluorescence lifetime decreases with in-
creasing temperature indicates that ther-
mal processes enhance the radiative emis-
sion. A comparison of these results with
those published previously (/) for CaMoO,
shows that the presence of YNbO,
enhances the room-temperature lumines-
cence. The mechanism for thermal quench-
ing of the luminescence in the similar
materials of CaWQ, and YVO, has been
identified as thermally activated migration
of the excitation energy to quenching cen-
ters (/1-13). The introduction of defects
into the host crystal can either enhance the
quenching if the defects act as additional
quenching centers or decrease the quench-
ing if the defects act as scattering or recom-
bination centers to inhibit the exciton
migration. If this model is valid for
CaMoQ,, the presence of YNbO, appears
to introduce recombination centers which
cause the mobile excitons to have a higher
radiative decay rate than the self-trapped
excitons.

The temperature dependences of the
fluorescence intensity and lifetime of the
CaMoO, : YNbO, sample can be attributed
to the emission from both free and self-
trapped excitons with a thermal equilibrium
distribution of the relative population of the
two states. These are described by the
expressions

) = 7' + 77 exp(—AEKT) (1)
KT) = I, + Iy exp(—AE/KT), 2)

where & is Boltzmann’s constant and AE is
the activation energy between the free and
mobile exciton states. The solid lines in
Fig. 2 and curve (a) of Fig. 3 represent the
best fits to the data using these equations
and treating the activation energy and the
free exciton lifetime (7r) and emission inten-
sity (I;) as adjustable parameters. The
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values giving the best fits are AE = 212.7
cm™!, 7 = 50 wsec, and Iy = 17.9. The
values used for the trapped exciton lifetime
(79 and intensity (/) are found from extra-
polating the experimental data to zero tem-
perature.

Investigating the characteristics of
energy transfer from the host crystal to an
optically active impurity ion such as Nd**
can provide further insight into the host
energy migration and quenching processes.
For CaMoO,:NdNbQO,, host-sensitized
energy transfer can take place both radia-
tively and nonradiatively. The contribu-
tions due to these two processes can be
separated through their different effects on
the host fluorescence properties. Radiative
reabsorption does not change the observed
lifetime of the host fluorescence while radi-
ationless energy transfer produces lifetime
quenching. In addition, the measurements
of the structure in the host emission band
due to reabsorption show that the radiative
energy transfer contribution is independent
of temperature and time after the excitation
pulse. Radiationless energy transfer varies
with both parameters. Our main interest
here is understanding the mechanism of
radiationless energy transfer and the fol-
lowing discussion deals only with this con-
tribution to the total energy transfer.

The temperature variation of the fluo-
rescence intensity rattos shown in Fig. 3
indicates a constant efficiency for host-
sensitized energy transfer between 50 and
150 K, and then a decrease in transfer
efficiency as temperature is raised to 300 K.
The rate of energy transfer can be defined
from the expression

w=1 — ()" (3)

The values of w obtained from the lifetime
measurements are plotted versus 77! in
Fig. 4. Between 10 and 150 K, the energy
transfer rate decreases, and then it
increases as temperature is raised to 300 K.

Although both the transfer efficiency and
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FiG. 4. Temperature dependence of the host-
sensitized energy transfer rate. Circles with the dashed
line represent values obtained from lifetime quenching
measurements and the solid line is obtained from the
results of TRS measurements.

transfer rate show changes in their proper-
ties at T = 150 K, they appear to give
contradictory information about the tem-
perature variation of the host-sensitized
energy transfer. We attempted to resolve
this apparent discrepancy through time-
resolved spectroscopy measurements. The
fluorescence spectra shown at two times
after the laser pulse in Fig. 1 demonstrates
the time dependence of the energy transfer
from the host to the Nd** ions. The time
evolution of this energy transfer was
obtained at numerous temperatures by
measuring the fluorescence spectra at many
different times after the excitation pulse.
Figure 5 shows examples of the time varia-
tion of the ratios of the integrated fluo-
rescence intensities of the Nd** and host
emission bands at several temperatures.
Different models were required to obtain
the best fits to the TRS data at high and low
temperatures. Above 200 K the rate equa-
tion model shown in Fig. 6 was used. ny
and n, represent the concentrations of
excited states of the host and Nd** activa-
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FiGg. 5. Time evolution of the integrated fluo-
rescence intensity ratios of the Nd** and host emission
in CaMoO,: NdNbO, at 10 K. (open circles), 170 K
(solid circles), and 300 K (squares). (See text for
explanation of theoretical lines.)

tor ions, respectively, while 8y and 84 are
their fluorescence decay rates. Wy and Wy
are the direct pumping rates of the host and
activators. The latter will include any exci-
tation of the Nd** ions due to radiative
energy transfer. w and o’ are the energy
transfer and back transfer rates, which for
this model are taken to be time indepen-
dent. The rate equations for the excited
state populations are given by

dnp/dt = Wy — Bung — wng + o'ny  (4)
dnA/dt = WA - ﬂAnA + WA — m’nA. (5)

Solving these equations for a delta function
excitation pulse gives the ratio of the
excited state populations which is related to
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Fi1G. 6. Energy levels and rate parameters for inter-
preting host-sensitized energy transfer in CaMo
0O4: NdNbLO;,. (See text for explanation of notation.)
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the observed ratio of the fluorescence
intensities through a factor of the ratio of
the radiative decay rates, 84/8%,

IA(D)/Iy(t) = [1a(0)/I4(0)]
{1 + G, tanh(B0))/[1 + G, tanh(B1)]},

where
B ={l(®+ By — o' — Ba2] + wo'}"

G = {[nu(0)/nA(0)]w
+ o+ Bu — o — Ball2YB

Gy = {[na(0)/ny(0)]e’
— [w + Bu — o' — Bal2}/B.

An example of the best fit to the data
obtained using this equation and treating
the initial intensity ratio, energy transfer,
and back transfer rates as adjustable
parameters can be seen by the solid line in
Fig. 5. The parameters giving the best fits to
the data at different temperatures are listed
in Table 1. The ratio of the radiative decay
rates is approximated by the ratio of the
measured fluorescence decay rates extra-
polated to 0 K.

At temperatures of 150 K and less, the
same general model shown in Fig. 6 can be
used to interpret the TRS data, but the back
transfer rate is zero and the energy transfer
rate is time dependent. Solving the rate
equations under these conditions leads to
the expression (4)

LA/ Iy(0) = {IA0)/In(0)]
+ 1} exp(w®)~!,

(6)

Q)

where g = 6, 8, or 10 for electric dipole—
dipole, dipole—quadrupole, or quadrupole-
quadrupole interaction. Examples of the
best fits to the TRS data are shown as solid
lines in Fig. 5 and the parameters needed to
obtain the best fits for each temperature are
listed in Table 1.

The values obtained for o from fitting the
TRS data are used to plot the solid line in
Fig. 4 for the purpose of comparing these
results with the values of w obtained from
the lifetime quenching measurements.
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TABLE 1

ENERGY TRANSFER PARAMETERS FOR
CaMoO, : NdNbO,

T w w’ w (from 7H)
(K) Model IAOWI(0)  (usec™")  (usec™)  (usec™")
295 Eq. (6) 0.140 0.1109 0.0382 0.1109
275 Eq. (6) 0.185 0.0722 0.0248 0.0722
250 Eq. (6) 0.280 0.0577 0.0 0.0290
220 Eq. (6) 0.400 0.0619 0.0 0.0249
190 Eq.(7),g=8 0.000 0.0408¢ 0.0 0.0136
170 Eq.(7),q =8 0.000 0.0490° 0.0 0.0111
100 Eq. (7),g=10  0.200 0.0662 0.0 0.0383
9 Eq.(D,g=10 0720 0.0662¢ 0.0 0.0445
10 Eq.(M,q=10  0.400 0.1069° 0.0 0.1083

4 At =15 usec.

Since the TRS analysis gives a time-
dependent energy transfer rate in the low-
temperature region, the values listed in
Table I and plotted in Fig. 5 are for a
specific time after the excitation pulse. For
the purpose of this comparison we have
chosen the values at 15 usec. The general
shapes of the curves of w versus T obtained
from the two different types of measure-
ments are similar and show a distinct
change in properties near 150 K. At the
highest and lowest temperatures the magni-
tudes of w obtained by the two methods are
very similar, while at intermediate tempera-
tures the values of w obtained from TRS
measurements are larger than those
obtained from lifetime quenching measure-
ments.

IV. Conclusions

The resuits reported here show that effi-
cient host-sensitized energy transfer takes
place in CaMo0O,: NdNbO,. At low temper-
atures the characteristics of the transfer
process are consistent with a single-step,
multipole—multipole interaction mecha-
nism. The rate of this process decreases as
temperature is raised while the total
amount of energy transfer remains con-
stant. This is consistent with transfer from
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localized excited states of MoO3~ molecu-
lar ions to their nearest-neighbor Nd** ions,
with a statistical distribution of transfer
distances. Increasing temperature causes
the energy transfer to occur with a smaller
rate but allows the same total amount of
transfer to occur. This can be explained if
the laser is preferentially exciting MoO3™
ions near Nd** ions. This is very probably
the case since the laser excitation at 337.1
nm is just higher than the band edge of
340.0 nm, and it has been shown for other
materials that excitation into the ‘‘red
edge’” of the host band preferentially
excites regions of the host crystal near
defects (12, 14). If there are extended trap-
ping regions around each activator, increas-
ing the temperature will allow excitons in
the outer regions of the trap to migrate
closer to the Nd** before transfer occurs.

At very high temperatures the host-
sensitized energy transfer characteristics
are consistent with a multistep energy
migration process in which the energy
migrates among several MoO3~ ions before
transferring to a Nd** ion. This thermally
activated exciton model has been used to
characterize host-sensitized energy transfer
in similar crystals (//-13). As temperature
is raised in this range, the transfer rate
increases while the total amount of transfer
decreases. This indicates that the excitons
have become mobile enough to migrate
away from the Nd** trapping regions. As
the rate of migration increases with temper-
ature, the rate of energy transfer to Nd**
ions will increase but the rate of interaction
with other trapping centers will also
increase, thus decreasing the total amount
of energy transfer to Nd** ions.

The energy transfer characteristics in the
Nd**-activated crystal indicate that ther-
mally activated energy migration may be
responsible for the quenching of lumines-
cence in molybdate crystals. Then doping
with YNbO,, which is not optically active,
can enhance the room-temperature lumi-
nescence of the host by providing recombi-
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nation centers for the migrating excitons.
The room-temperature quantum efficiency
of the CaMoO,: YNbO, crystal investi-
gated here was approximately 18%.
Although this is not high, it appears that
this type of mixed crystal might be usable
for broadband tunable laser applications.
The efficient host-sensitized energy trans-
fer observed here along with the optically
pumped laser properties of CaMoQ,:Nd
NbQO, reported previously (4, 6) indicates
that this type of mixed crystal may be a
good laser material for nitrogen or eximer
laser pumping.
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