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Energy transfer in samarium-doped calcium tungstate crystals*
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Results of an extensive investigation of the optical properties of CaWO4. Sm'+ are reported.
Absorption, fluorescence, and excitation spectra and pulsed fluorescence measurements were obtained at
temperatures from below 8 K to room temperature on an undoped single crystal and crystals

containing samarium concentrations ranging between 0,01% and 1.0%. An empirical energy-level

diagram is determined for trivalent samarium in this host and the existance of several different

nonequivalent crystal-field states is established. It is found that host-sensitized energy transfer to the
samarium occurs in varying degrees from all four of the lowest excited states of calcium tungstate and
the efficiency of transfer is different for different crystal-field sites. The ratios of the integrated
fluorescence intensities and decay times were measured and from these the temperature and doping
concentration dependences of the energy transfer rate were found for excitation in the different host
excited states. A model is proposed to explain the results which is based on energy transfer from

self-trapped excitons at low temperatures and thermally activated exciton hopping migration to
activator-induced host traps at high temperatures. This model predicts the correct dependences for all

of the observed data. Quantitative estimates indicate that exchange is somewhat stronger than

dipole-dipole interaction for both migration and transfer and the exciton diffusion coefficient is found to
be on the order of 10 cm sec

I. INTRODUCTION

Although it has been known for many years that
electronic excitation energy in tungstates, molyb-
dates, vanadates, and similar crystals can be trans-
ferred to impurity ions, the process of "host-sen-
sitized" energy transfer has not been well charac-
terized and understood. This physical process has
practical importance since it serves to quench the
luminescence emission of pure phosphors through
the transfer of excitation energy to "sinks" or it
can be used to enhance the pumping of rare-earth
or other impurity-based phosphors. We report
here the results of an extensive investigation of the
optical properties of CaWG4 ..Sm". Absorption,
fluorescence, and excitation spectra and pulsed
fluorescence measurements were made and the in-
tegrated fluorescence intensities and decay times
were obtained as a function of temperature and
samarium concentration. A model is proposed to
explain host-sensitized energy transfer in this sys-
tem and the population-rate equations based on this
model are shown to qualitatively predict the ob-
served temperature and concentration dependences
ot the fluorescence intensities and lifetimes. Quan-
titative estimates are made to determine the param-
eters characterizing the energy-transfer mecha-
nisms.

A. Review of theoretical considerations

Before discussing the specific case which was in-
vestigated, it is useful to summarize the general
concepts of energy-transfer theory mhich mill be
used later in the interpretation of the results. The
primary question to be answered is whether the en-

ergy transfer takes place by a single- or multistep
process. In the first case the sensitizer ion which
absorbs the excitation ener gy transf er s it to the
activator ion while in the second case the energy
migrates from one host ion to another before being
transferred to an activator.

The two most important mechanisms for single-
step energy transfer are dipole-dipole and exchange
interaction. The energy-transfer rates between
tmo isolated ions for these two mechanisms are
given by' '

p„= (~', )-' (z,/z)',

p,„=(~', )-'exp[(aa, /1. )(i —Z/a, )], (2)

where the critical energy transfer distance for di-
pole-dipole interaction can be written

~, = I5. 86 x io-" (ny', )/(~t, „)']'".
Here Q~ is the quantum efficiency ot the sensitizer
in the absence of energy transfer, Q is the overlap
integral of the absorption spectrum of the activator
and emission spectrum of the sensitizer, n is the
index of refraction, v» is the average wave num-
ber in the region of spectral overlap, and L is an
"effective Bohr radius. "

A is the separation be-
tween the sensitizer and activator ions and 7~ is
the fluorescence decay time of the sensitizer in the
absence of energy transfer. The numerical factor
in Eq. (3) is for unit consistency a.nd includes a
factor of -'; for the average angular dependence of
randomly oriented dipoles. No simple estimate
can be obtained for the A, due to exchange inter-
action since it involves the wave-function overlap.

For a random distribution of sensitizers and acti-
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y = 2RO/L,

Co = 3/4vrRD.

(8)

All of the energy-transfer rates discussed above
exhibit only a weak dependence on temperature
which is contained in the spectral overlap integral.
The isolated pair transfer rates in Egs. (1) and (2)
are independent of activator concentration, whereas
the rates for random distributions of ions given by
Eqs. (4) and (5) depend linearly on C„. Similarly,
the isolated pair transfer rates are not time depen-
dent, whereas the dipole-dipole transfer rate in
Eq. (4) varies as t '~~ and the exchange interaction
rate in Eq. (5) has a complicated time dependence
contained in the function g(eyt/7~~).

In a multistep transfer process the migrating en-
ergy can be treated in the quasiparticle formalism
as an exciton. The energy transfer rate in this
ease is given by4

k =4mDR~Cg,

where R„ is the effective trapping radius for the ex-
citon at the activator ion and the diffusion constant
can be expressed in terms of the diffusion length
I as

D = P/2~0

In many cases the migration is best described as a
nearest neighbor random walk and the diffusion co-
efficient can be related to microscopic parameters
characterizing the walk

0 =a /Gtq. (10)

Here a is the lattice spacing and t„ is the average
hopping time for the exciton. In this case each hop
in the random walk can be considered as a single-
step energy-transfer process described above and
the hopping time is just the reciprocal of the trans-
fer rate given by either Eq. (1) or (2).

The energy-transfer rate for exeiton migration
given in Eq. (8) is independent of time and varies
linearly with activator concentration. The tem-
perature dependence is contained in the diffusion
coefficient and depends on the physical process
limiting the mean free path of the exciton. For an
incoherent hopping motion5

hE/kB T
0

vators the dipole-dipole and exchange energy trans-
fer rates will be given by

,'[~/—(t7', )(c„/c,)]'",

C~ d e~t
(5)

oy dp s

where C„ is the activator concentration and g(z) is
a function which can be expressed as an absolutely
convergent infinite series in z. Also,

where ~E is an activation energy needed for each
hop and k~ is Boltzmann's constant.

The energy-transfer rate is determined experi-
mentally by measuring the ratio of the fluorescence
lifetimes in the doped and undoped samples and the
ratio of the integrated fluorescence intensities of the
activator and sensitizer ions. The temperature,
activator concentration, and time dependence of the
results can then be used to determine the mecha-
nism of energy transfer and characterize the pro-
cess in terms of the parameters of the specific
model.

B. Summary of CalVO2 results

The optical properties of calcium tungstate are
of interest because of its importance as a phosphor
and laser host material. CaWO4 has a scheelite
structure with WO42 molecular ions loosely bound
to Ca~' cations.

We recently reported the results of an investiga-
tion of the spectroscopic properties of undoped cal-
cium tungstate. Four different excitation bands
were identified and assigned to transitions between
the molecular orbital levels of the WO4 tetrahedral
ion split by the crystal field of S4 site symmetry.
Fluorescence emission was identified from each of
the four excited states. It consisted of one broad
band peaking near 4400 A, two broad bands peaking
near 5200 A and a sharp zero-phonon line at 3680 A.
A second zero-phonon line was also observed and
attributed to fluorescence from "traps" consisting
of tungstate molecules located near lattice defects.
The temperature dependences of the relative fluores-
cence intensities and decay times were measured
and a model was proposed to explain the results.
In this model the fluorescence at 10 K is associated
with self-trapped excitons. As temperature is in-
crea.sed the excitons become mobile and migrate
through the lattice. By 100 K the migration is so
efficient that many of the excitons become trapped
and a majority of the observed fluorescence is from
perturbed tungstate sites.

Since the concentration of host traps can not be
determined directly, no quantitative estimates could
be made on the diffusion length of excitons in the
pure sample. By investigating samples doped with
fluorescing impurities of known concentration, it
should be possible to verify the proposed model and
quantitatively characterize the exciton migration.

II. EXPERIMENTAL

A. Samples and apparatus

Four good single-crystal boules of calcium tung-
state doped with trivalent samarium in concentra-
tions of 0.00, 0. 01, 0.10, and 1.00 at. %%d were ob
tained from Airtron, Inc. They were charge com-
pensated with Na' in concentrations equivalent to
that of the samarium. All boules were grown along
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the crystallographic a axis and samples of about
3-mm thickness were cut perpendicular to this di-
rection. The samples were mounted on the cold
finger an Air Products Displex cryogenic refriger-
ator capable of continuously varying the tempera-
ture from room temperature to about 7 K.

The absorption spectra were obtained on a Cary
14 spectrophotometer. Excitation spectra of the
undoped sample were obtained using a 150-W xenon
lamp. Excitation spectra of doped samples and all
fluorescence spectra were obtained using an AH6
1000-N high-pressure mercury lamp. A Spex Mini-
mate monochromator was used to select the excita-
tion wavelength. The sample fluorescence was
chopped and focused onto the entrance slits of a
Spex 1-m monochromator and detected by a cooled
RCA C31034 photomultiplier tube. The signal was
amplified by a PAR lock-in amplifier and displayed
on a strip-chart recorder.

Fluorescence lifetime measurements were made
using single photon counting techniques. Two meth-

ods were employed. For fluorescence signals with
lifetimes less than 150 p, sec (such as for WO~ ) the
coincident pulse-height analysis system shown in
Fig. 1 was used. The excitation source was a free
running spark gap oscillator which produces pulses
with a half-width of approximately 5 nsec. The
fluorescence was detected by an RCA 8850 photo-
multiplier tube and the rest of the electronic com-
ponents are made by Ortec. For fluorescence sig-
nals with lifetimes greater than 0. 5 msec (such as
t'or Sm') multichannel scaling techniques were used.
For this case a xenon corporation "nanopulser" was
used as an excitation pulse and the fluorescencewas
detected by an RCA C31034 photomultiplier tube.

B. Observed spectra

Figure 2 shows the absorption spectrum of a 23-
mm-thick sample of calcium tungstate containing
l-at. % Sm ' at room temperature. This spectrum
was obtained using unpolarized light with the light
path along the crystallographic a axis. It appears
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FIG. 3. Excitation spectra of the tungstate fluores-
cence at 4400 A for CaWO4. Sm ' (1.0 at. %) at two tem-
peratures. Correction for system response would en-
hance the high-energy band with respect to the low-ener-
gy band.

to be the superposition of the intrinsic absorption
of the host and the impurity spectrum. The former
exhibits a sharp absorption edge below 3400 A and
a long ta,il which decreases almost continuously out
to about 5000 A with a small peak occurring around
3900 A. The samarium absorption is a series of
about 58 sharp lines between 3300 and 6000 A with

0
the most intense lines occurring near 4050 A. Po-
larization measurements show little effect on the
relative intensities of the lines. In general the op-
tical densities appear to be lower for polarization
parallel to the c axis than for perpendicular polar-
ization.

The excitation spectrum for the host-crystal
fluorescence observed at 4400 A is shown in Fig. 3
for the l-at. % sample at 10 K and room tempera-
ture. A similar spectrum is exhibited by the more
lightly doped samples except that the 2700-A band
has a greater intensity relative to the 2500-A band
for lower concentrations. This is similar to the
spectrum observed for the undoped sample but; the
two bands were not as well resolved. At low tem-

0
peratures the 2500-A band increases in intensity
while the 2700-A band decreases. This change is
dependent on the samarium concentration, being
present but less pronounced in the more lightly
doped and undoped samples. In the pure crystal
two weak bands peaking near 3000 and 3550 A could
also be observed at 10 K. The latter band can not
be seen in any of the doped samples where as the
former band can be seen only very weakly in the
0.01/o sample.

The excitation spectra obtained by observing the
0

samarium fluorescence at 6463 A at room tempera-
ture and 10 K in the 1.0-at. /o sample are shown in
Fig. 4. Comparison with the absorption spectrum
of Fig. 1 indicates that excitation bands at wave-
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FIG. 4. Excitation spectra of the samarium fluores-
cence at 6463 A for CaWO4.. Sm ' (1.0 at. %) at two tern-
peratures. Correction for system response would en-
hance the high-energy bands with respect to the low-ener-
gy bands.

lengths longer than 3300 A are the result of direct
excitation of the Sm3' ions. These intrinsic samar-
ium bands exhibit a general increase in intensity as
temperature is lowered. The bands at wavelengths
shorter than 3300 A are the result of excitation of
the samarium ions via energy transfer from the
calcium tungstate host. The two highest-energy
bands are the same ones observed in the tungstate
excitation spectra shown in Fig. 3 and in general
exhibit the same concentration-dependent variation
with temperature. The weak broad-band peaking

0
near 3000 A in the tungstate excitation spectra is
more intense in the samarium exciton spectra and
appears to be resolved into two distinct peaks near
3000 and 3150 A. At 10 K, the 3150-A peak ismore
intense for all three samarium concentrations.
However, at room temperature this peak is more
intense for the 1.0-at. % sample, the two peaks have
approximately the same intensities for the 0.1-at. %
sample, and the 3000-A peak has the greater inten-
sity for the 0.01-at %sa. mple.

Figure 5 shows the four regions of the directly
pumped Sm ' fluorescence spectra exhibiting the
most intense lines. Many smaller peaks are ob-
served inbetween these regions and a total of 83
fluorescence lines can be identified for the heavily
doped sample at 8 K.- No relative changes in inten-
sity occur for different polarizations. The relative
intensity scales are arbitrary for each of the four
regions. On an absolute scale the biggest line in
the region designated as H~&~ would have the same
intensity as the biggest line in the H»&~ region, 'and
the most intense lines in the other two regions are
about 1.75 times greater.

Figure 6 shows the fluorescence spectrum of
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FIG. 5. Four regions of the fluorescence spectrum of Ca&04. Sm' (l. 0 at. %) at about 8 K for 4l50—A excitation. .

CaWO4: Sm' excited at 2650 A for both the O. l-at.
%%d

samples. Both the broad band tungstate fluorescence
and the sharp emission lines of trivalent samarium
can be observed. (The lowest-energy set of Sm"
lines is not shown in this figure. ) The dips in the
broad band near 4050 and 4190 A correspond to re-
gions of high samarium absorption. Unlike the re-
sults obtained on the undoped sample, 6 the 4400-A
emission band was observed at all temperatures for
all wavelengths of excitation. Neither of the longer
wavelength bands nor the zero-phonon lines could
be observed in samples containing samarium. For
2400-A excitation of the lightest-doped sample, no
samarium fluorescence can be observed, whereas
for 3150-A excitation tungstate fluorescence could
be observed only for the lightest-doped sample at
low temperatures. The relative intensities of the
lines in the complicated samarium spectra change
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The decay time of the samarium fluorescence was

measured to be about 0.85 msec at room tempera-

with wavelength of excitation, concentration, and
temperature.

It should be noted that the spectra shown in Figs.
3-6 have not been corrected for the spectral re-
sponse of the system. This correction would have
very little effect on the fluorescence spectra, but
would cause the high-energy bands in the excitation
spectra to be enhanced considerably with respect to
the low-energy bands.

C. Pulsed fluorescence results

ture for all three samples. Within experimental
error this result was obtained both for direct pump-
ing at 4150 A and for pumping through the host at
2400, 2650, and 3150 A. As temperature was low-
ered the decay time decreased slightly to about
0.60 msec at 8 K. All decays were purely expo-
nential with no observed rise times.

The tungstate fluorescence lifetimes in the doped
samples exhibits a similar temperature dependence
as seen in the undoped crystal. 6 Between about 8
and 80 K there is a sharp decrease in the decay
time as shown in Fig. 7 for 2650-A excitation. It
then remains constant up to about 200 K and de-
creases slightly by room temperature. A similar
dependence is observed for 2400-A excitation but
no signal could be detected for 3150-A excitation.
All decay curves were pure exponentials with no

initial rises.

III. INTERPRETATION OF RESULTS

A. Energy levels for Sm

The observed spectra of Sm3' in calcium tung-
state is due to transitions between energy levels of
the 4f' configuration. Several attempts have been
made to calculate the free-ion energy levels of tri-
valent samarium' and the most recent results in-
dicate that the lowest-lying fluorescent state is
~F»2. The terminal levels for the fluorescent tran-
sitions are the various multiplets of the H termwith
the ground state being H, &3.

The trivalent samarium ions probably substitute
for Caa' ions in calcium tungstate because of ionic-

-1
17,746 col t78

4

/2

I

& ~aa&e
q co oooo
LQ 8 0 006008- ---'

~LA LA
lA LQ LQ&Do
IAAF LA 1,288

]@19
1091
1,061

LA 'f cOO

G)o~roooo
lC) (Q LQ LQ

LQ LQ &Q LA
CB pj
CQ(QM(Q LQ

2,494
2403
2,31 9
2,275-
2265 "

t7e
~56
t56

2
t78

3,818--

3758-
3f397-

3,681-
3~9-
3575 "

"56

~78

|78

9

)78

I 78
t56

— ~56
FIG. 8. Empirical ener-

gy-level diagram for Sm '
in calcium tungstate.

222 — ~78
— t78 H

6

~56



868 MICHAE L J. TREADAWAY AND RICHARD C. POWELL

size considerations. This site is surrounded by
eight %04 ions giving a crystal field of S4 sym-
metry which splits the multiplets into their Stark
components. There are four possible types of crys-
tal-field levels, I'„1„I'„and 7,. These occur
in Kramers degenerate pairs labeled 1». Na' ions
provide the necessary charge compensation which
is mostly nonlocal although some locally compen-
sated Sm ' sites probably are present. Nearest-
neighbor impurities mould lower the samarium site
symmetry to C, but this would not cause further
splitting of the Kramers degenerate levels.

The observed spectral lines may be due either to
magnetic dipole or forced electric-dipole transitions
which have different selection rules for polarized
light. The fact that no polarization effects mere
observed essentially implies that both types of
transitions are taking place with approximately the
same order of magnitude.

An empirical energy-level diagram for Sm' in
Ca%04 is shown in Fig. 8. This was obtained from
the directly pumped samariUm Quorescence spec-
trum at low temperatures for the lightest-doped
sample where the minimum number of lines were
observed. Each of the multiplets of the 'll term
should split into 8 + —,

' crystal-field level and, if all
the fluorescence originates from the same metasta-
ble level, a line should appear in the spectrum for
a transition to each of these levels. The correct
number of major lines was observed. The designa-
tions for the crystal-field states mere obtained by
noting that within each set of lines the number of the
most intense transitions equaled the number of X",6
states predicted by symmetry considerations. The
metastable level is arbitrarily assigned to I;8 since
this makes electric dipole transitions to the I56
levels allowed in both polarizations.

The extraneous lines observed in the spectra may
be due to several causes including nonequivalent
crystal-field sites for the samarium ions, emission
from higher excited metastable states, and vibronic
tr ansitions.

To investigate the temperature dependence of the
energy transfer it is most reliable to use the data
obtained with 2400-A excitation. For the other two
excitation wavelengths which were used, radiation-
less processes between excited states in the tung-
state ions take place above about 130 K. As an
example, consider the results obtained for 2650-A
excitation. In the undoped sample for this excitation
the fluorescence band shifted to shorter wavelengths
and the integrated intensity increased as tempera-
ture was raised above about 130 K. In the doped
sample the long wavelength band is never observed
and as temperature is increased above 130 K the
tungstate intensity increases rapidly but the samar-
ium intensity remains approximately constant. Thus,
it appears that the longer-wavelength tungstate iiuo-
rescence is quenched by the presence of the samar-
ium but this results in a radiationless loss of ener-
gy and not samarium fluorescence. This is sub-
stantiated by the decrease in the intensity of the
2700-A excitation band with decreasing temperature
as shown in both Figs. 3 and 4.

The quenching of the fluorescence decay time of
the sensitizer and the ratio of the integrated inten-
sities of the activator and sensitizer can both gen-
erally be used to obtain the rate of energy transfer.
These quantities are shown in Fig; 9 plotted as a
function of activator concentration for two different
temperatures. Figure 10 shows the same quantities
plotted as a function of temperature for the sample
containing O. l-at. % samarium. Qualitatively, sim-
ilar results are obtained for both 2400- and 2650-A
excitation wavelengths except that above 130 K the
intensity ratios for 2650-A excitation are affected
by radiationless quenching processes discussed

'123'

8. Energy-transfer model

The existence of host sensitized energy transfer
in the Ca%04.- Sm ' system is explicitly demonstrat-
ed by the excitation spectra such as that shomn in
Fig. 4. Samarium fluorescence. is excited by pump-
ing in all of the host absorption bands at both high
and low temperatures. It appears that the two lom-
energy excitation bands are more efficient in trans-
ferring energy to the samarium than the high-energy
bands. Also, the fluorescence spectra indicate that
the levels giving rise to the 5200-A fluorescence
band seen in undoped calcium tungstate are more
efficiently quenched by the presence of samarium
than those giving rise to the 4400-A band since the
former can not be seen at all in the doped samples.

3
lppp]

FIG. 9. Ratios of the fluorescence intensities and de-
cay times as a function of samarium concentration for

0
2650-A excitation. 7'~ and 7'~ are the lifetimes in the un-
doped and doped samples, respectively, while Iz is the
integrated fluorescence intensity of the activator (Sm ')
and I& is the integrated fluorescence intensity of the sen-
sitizer (CaVyo, ).
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for activators, induced traps, and intrinsic traps
are k„C» kC„, and kC» respectively. The ex-
cited-state concentrations of these sites are n„, n»,
and nx. The excited activators have a fluorescence
decay rate of B„while both types of trapping sites
are assumed to have the same fluorescence decay
rate of B~. The activator induced traps can also
transfer their energy to the neighboring activator
with a rate of q„. The specific nature of the energy
transfer and trapping parameters will be discussed
later.

The rate equations for the excited state popula-
tions in this model can be written

FIG. 10. Ratios of the fluorescence intensities and de-
cay times as a function of temperature for 0. 1-at.%

0
samarium concentration with 2400-A excitation. (The
ratios are the same as those described in Fig. 9.)

above. Near 10 Kboth lifetime and intensity mea-
surements indicate that the energy-transfer rate
increases with increasing samarium concentration.
Above 100 K, intensity ratios still show the energy-
transfer rate to increase with samarium concentra-
tion, whereas the lifetime quenching is independent
of concentration. Both intensity and lifetime ratios
show an increase in the energy-transfer rate be-
tween 10 and 80 K and an approximately constant
rate between 80 and 150 K. The lifetime ratios
show a decrease in the energy-transfer rate at
higher temperatures while the intensity ratios
decrease at first and then increase sharply near
room temperature.

Figure 11 shows a proposed model for explaining
host sensitized energy transfer in this system. It
correctly predicts the experimental observations
described above and is consistent with the model
proposed previously to explain the results obtained
on undoped calcium tungstate. A concentration of
excitons n, is created at a rate 8". At low tempera-
tures the excitons become self-trapped with an acti-
vation energy AE. From this level they can either
fluoresce with a decay rate Bs (assumed to be the
same for both trapped and untrapped excitons) or
transfer their energy to activators by some reso-
nance process whose rate is designated as E(C„).
At high temperatures the excitons can overcome
the activation energy and undergo a thermally acti-
vated hopping migration. During this migration the
excitons can decay with a rate B~, become trapped
at activators, or become trapped at host trapping
sites. For the doped sample, we consider two

types of host traps, intrinsic defect sites whose
concentration is Cx, and defect sites surrounding
the activators due to their induced perturbation of
the host lattice. The concentration of the latter type
of traps will be approximately the same as the acti-
vator concentration C„. The exciton trapping rates

n, (t) =- [Z(C„)+ac +ac„+A.„C„+B,]
&&n, (t) + W(t),

nr(t) = Brnx(t-)+uCxns(t),

nxA(t) (Bx+ 7A)nxA(t) +&Cans(t)

n„(t) = —B„n~(t) +q~nx~(t)

+ I'k„C„+E(C„)]n, (t),

(l2)

(l3)

(l4)

w E'x

FIG. 11. Proposed model fo. energy in CaWOg. Sm '.
(See text for explanation of the symbols. )

where it has been assumed that there is no direct
excitation of activators or traps. The observed
fluorescence intensities for each type of excited
state will be the radiative decay rate multiplied by
the population of the level. The observed tungstate
fluorescence in this case is a combination of the
emission from normal host sites, intrinsic host
trpas, and activator-induced traps.

First consider the predictions of the model for
host lifetime quenching. The rate equations can be
solved for 5-function excitation and the exciton and
trap emissions combine to give the time dependence
of the total tungstate fluorescence intensity
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B —„B~—kC —)C„—).„C„—I"(C„) 8 +q„—BB —)C —„k(; -„k„C„—F(C„))
I

xexpf- [B +kC +kc„+k„c„+E(c„)]t}-,exp(-B t)

X A e~l- (Bx+q~)t] .
Bx+qw Bs —kCx —kc& —kx Cx —E(C„)

(i6)

IIere the primes indicate radiative decay rates. In
order to obtain the observed results it is necessary
to assume that kA «k so that direct trapping by ac-
tivators is negligible compared to trapping at acti-
vator-induced host traps.

Since the expression in Eq. (16) is very com-
plicated, it is useful to treat three temperature
regions separately where simplifications can be
made. First consider the results for very lowtem-
peratures of 10 K or below where the self-trapped
excitons can not gain enough thermal energy to be
mobile. For this case k is zero and Eq. (16) re-
duces to

I„(t)=B',n (0)e "s""~)" (i7)

The measured fluorescence decay time is given by

~s = [Bs + E(C~)l '. (is)

vs = [Bs + k Cx + k C„+E(C„)]'. (i9)

Thus, as temperature is increased the host lifetime
decreases as 0 increases.

As the temperature is increased further, the en-
ergy migration rate to traps becomes very fast so
that kC„+kCx» Bs, (Bx+q„). Then the first expo-
nent in Eq. (16) becomes negligible after short
times so the host intensity is described by

As temperature is increased slightly above 10 K
the excitons become mobile. k is small but no

longer zero. The majority of the observed fluores-
cence is from the normal host sites and therefore
the first coefficient in the first term of Eq. (16)
still dominates and the lifetime becomes approxi-
mately

ns = ~&s/[Bs+kcx+kc„+k„c„+E(c„)],
n =(kCx/B„)n„

(23)

tion dependences of the lifetime quenching shown in
Figs. 9 and 10. At 10 K the lifetime ratio plotted
in these figures gives E(C„), the resonant-energy-
transfer rate from self-trapped excitons to activa-
tors. This should have a very weak temperature
dependence contained in the spectral overlap inte-
gral and a strong concentration dependence depend-
ing on the interaction mechanism as discussed in
Sec. I.

As temperature is raised, the migration and

trapping rates become important. These depend
linearly on the concentration of activators and in-
trinsic host traps. The temperature dependence is
contained in the diffusion coefficient and for ther-
mally activated hopping is simply an exponential
factor as given by Eq. (11).

At temperatures above about 80 K, migration is
fast enough that much of the host fluorescence comes
from traps and for CA» Cx most of it comes from
activator-induced host traps. The lifetime ratio
obtained from Eq. (22) just gives q„, which is the
resonant-energy-transfer rate from activator-in-
duced host traps to activators. This will have a
very weak temperature dependence contained in the
spectral overlap integral and no concentration de-
pendence since it always involves nearest-neighbor
interactions as discussed in Sec. I.

how consider the model predictions for relative
fluorescence intensities. For this case Eqs. (12)-
(15) can be solved for continuous excitation to give
the steady-state populations

(t) (0) x x Bx)

+ BxCAk e (Bx+ ~)f ~()kcx+kc„j ' (20)

nx~ = [kc~/(Bx+q~)]ns, (24)

n„= (ns /B„)[q„kC„/(Bx+q„) +k„C„+E(C„)]. (26)

Then the tungstate and samarium fluorescence in-
tensities are given by

f„(t)= Bxns (0) e ' x '&"

and the lifetime is given by

(21)

If the activator concentration is much greater than
that of the. intrinsic host traps, this reduces to ,&x &xI„=ns B, +B kCx+ kc~ —

I,
X X+CA )

I =n — +)! (: +E(('~))
A X 'VA

(27)

(26)

7s =(Bs+q~) ' (22)

Equations (18), (19), a,nd (22) can be used to ex-
plain qualitatively the temperature and concentra- (29)

and the fluorescence intensity ratio can be written

$~[q~kc~l(Bx+q~)+k C +E(C„)]
Ia Bs Axk+c txxk+c()~
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Here Q» and Qx are the quantum efficiencies of the
calcium tungstate in the undoped and doped samples,
respectively, above 100 K where most of the host
fluorescence comes from traps, Q~ is the quantum
efficiency of the samarium which can be taken to be
approximately one. Also we assume k„«k as above.
Again let us consider the low- and high-temperature
limits separately. At 10 K where k is very small,
Eq. (29) becomes

I„/I„=F(C„)/B~' = [E(C~)/p~]7s (30)

Here we have made use of the relationship between
B~ and the observed host-fluorescence decay time
in this temperature range given in Ref. 6. Above
100 K where kC„becomes large, Eq. (29) becomes

~A IA ~CA/(+X +'IA) '7A S A.

4 0» kC»+ 4»~C~ 4 x Cx+ &»C~

where use has been made of Eq. (22) in the last ex-
pression which is valid for C~ & C„.

The above considerations predict that the quantity
(I„/I„)7~ plotted in Figs. 9 and 10 will depend on
activator concentration linearly or greater at low
temperatures and less than linearly at high tem-
peratures. For all concentrations of activators
this quantity should increase with temperature
above 10 K as exciton migration increases and be-
come constant above about 80 K. This is consistent
with experimental obser vations.

There is an apparent discrepancy in the tempera-
ture dependence of the energy-transfer rate above
250 K predicted by lifetime and intensity measure-
ments as seen in Fig. 10. This can be attributed
to radiationless quenching processes not included
in the proposed model. The existance of radiation-
less quenching is substantiated by the decrease in
the fluorescence intensities and decay times ob-
served in the undoped sample in this temperature
range. 6 For the doped samples it is found tha, t the
samarium intensity increases as the tungstate in-
tensity decreases above 250 K, indicating an in-
crease in energy transfer. However, the increase
in samarium fluorescence is not proportional to the
decrease in the tungstate fluorescence implying an
additional loss due to radiationless processes. The
tungstate fluorescence decay time is found to de-
crease more rapidly with temperature in this range
in the undoped sample than in the doped samples.
Since Eq. (22) shows that the measured lifetime in
the doped sample is that of activator induced host
traps, whereas in the undoped sample the lifetime
is that of intrinsic host traps, the data seem to in-
dicate that the latter are affected more by radiation-
less quenching than the former. This explains the
apparent decrease in the lifetime ratios near room
temperature seen in Fig. 10. The intensity ratio
plotted in this figure depends on the inverse of this
lifetime ratio as indicated by Eq. (31) thus the ob-

served increase is much greater than the true in-
crease in the energy-transfer rate.

The mechanisms for energy transfer in the high-
and low-temperature limits can be determined by
making a quantitative comparison between the ener-
gy-transfer rates found experimentally from fluo-
rescence lifetime and intensity measurements and
the theoretical expressions given in Eqs. (1)—(11).
The critical energy transfer distance is determined
from Eq. (3) using n =1.92, v~„=2.48x10~ cm ',
P~ =1, and a calculated value of the spectral over-
lap integral of 3.35x10 ~ mole ' cm ' liter '. B, is
found to be 3.95 A for dipole-dipole interaction.

First consider the results above 100 K. Using
the nearest-neighbor %04~ -Ca~' separation of 3.68
A for A, the dipole-dipole energy-transfer rate is
found from Eq. (1) to be 1.2xl0 sec ' for 2400-A
excitation and 6.0&&10 sec ' for 2650-A excitation
at 180 K. The energy-transfer rate for exchange
interaction can be estimated by Eq. (2) using a val-
ue for R, similar to that found for dipole-dipole in-
teraction and an effective Bohr radius of L = 0.9 A
which is half the W-O separation. This yields rates
of 8.6&&10 sec ' and 7.2&104 sec ' at 180 K for
2400- and 2650-A excitation, respectively. The
experimentally determined values at this tempera-
ture are 3.5x10 sec ' and 3.7xl0 sec 'for2400-.
and 2650-A excitation as predicted by Eq. (22).
The good agreement between experimentally and
theoretically determined rates tends to substantiate
the proposed model that at these temperatures ener-
gy transfer to samarium takes place mainly from
nearest-neighbor host traps. However, the sim-
ilarity of the predictions for dipole-dipole and ex-
change makes it impossible to unambiguously at-
tribute the energy transfer transition to one of these
interactions. The larger predicted values imply
that exchange is probably the dominant mechanism.

A similar analysis can be made for the single
step transfer process that takes place between self-
trapped excitons and samarium ions at 10 K. Equa-
tion (4) predicts a quenching of the host fluores-
cence lifetime of only 0. 95 for the l-at. % sample
for dipole-dipole interaction. A similarly small
decrease in the lifetime ratio is predicted from
exchange interaction using the calculations of Inokuti
and Hirayama. ' A much-greater quenching ratio of
0.5 is measured experimentally and this requires a
value of R, on the order of 8.7 A to be consistent
with the predictions of dipole-dipole or exchange
interaction. This implies that dipole-dipole inter-
action is not strong enough to account for the ob-
served energy-transfer rate and that the very sim-
ple exchange model giving rise to Eq. (5) is also
not sufficient to describe the physical situation.
More exact theories of exchange and superexchange
can greatly increase the theoretically predicted
rate
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By fitting Eqs. (8) and (11) to the experimentally
determined temperature dependence for (v, /7', —1)/
v, as given by Eg. (19), a. value for the exciton
migration rate can be determined. This was found
to be 5. 5x10 ' cm sec '. If the trapping radius
R„ in Eg. (8) is taken to be the tungstate-tungstate

0
lattice spacing of 3.68 A, this gives a diffusion co-
efficient of D=1.2x10 ' cm sec '. The diffusion
length can be determined from the relationship giv-
en in Eq. (9) and using the free exciton measured
lifetime of -17 p, sec at 100 K for 2400-A excitation
this yields a value of /=1. 2x10 6 cm. Comparison
of this value to the average separation between
samarium ions in a sample containing 0.01-at. /o

Sm ', which is 5.7x10 ' cm, shows that after an
exciton becomes mobile it ean easily migrate far
enough to find an activator with a high probability.
This is consistent with the proposed model.

If a nearest-neighbor hopping model is used to
describe the migration of energy, the average hop-
ping time can be determined from Eq. (10) to be
2. 1 x10 sec. Theoretically, this should corre-
spond to the energy-transfer rate between two
neighboring tungstate molecules described by Eq.
(1) or (2). However, it is difficult to determine a
value of R, since the observed spectral overlap is
indicative of emission from the relaxed excited
state and using it predicts hopping times on the
order of 0.1 msec. This shows the importance of
the activation energy in increasing the resonance
between the energy levels of the excited tungstate
ion and its surrounding sungstate ions. It is not
unreasonable to expect this to increase A'0 to 16 A

giving t„=3.3x10 sec for dipole-dipole interaction
0

or to 8 A giving t„=1.7x10 ' sec for exchange.
Either of these are in good agreement with the ex-
perimentally determined hopping time.

Finally, a comparison of AC„and q„above 100 K
for the 0.01-at. /o sample shows that even for the
lowest samarium concentration AC„»q„by at least
a factor of 2. This indicates that the limiting step
in the energy transfer process is the final transfer
from neighboring host traps to samarium ions as
assumed in the model.

emote that it should also be possible to make quan-
titative estimates of energy-transfer parameters
similar to those discussed above using the mea-
sured intensity ratios. However, the question of
what to use for the exact values of the quantum ef-
ficiencies appearing in Eqs. (30) and (31) make it
preferable to use the lifetime ratios. Rough ap-
proximations indicate that the estimates obtained
from the two types of measurements are consistent.

IV. DISCUSSION AND CONCLUSIONS

The crystal-field splittings shown in Fig. 8 are
similar to those seen for trivalent samarium in
other hosts ' ' and the average energies of the

Stark rnanifolds correlate quite well with the posi-
tions of the lowest multiplets of the 8 term of the
free ion. The spectra of other trivalent rare-
earth ions in calcium tungstate also exhibit com-
plicated structure which has made complete inter-
pretation of the spectra impossible. '

The presence of many extraneous lines in the Sm '
spectra andthe observation that their relative inten-
sities depend on samarium concentration and the
wavelength of pumping, show the existence of more
than one nonequivalent site for the samarium ions
and imply a difference in energy transfer rate to the
different types of sites. This is consistent with the
assumption of the presence of activator-induced
host traps and will be investigated in more detail in
a later study.

The rather complicated model for energy transfer
in Fig. 11 qualitatively predicts the correct tem-
perature and activator concentration dependence for
the measured fluorescence intensity and lifetime
ratios of CaWO4. Srn ' and is consistent with the
model proposed to explain the results obtained on
undoped calcium tungstate. Quantitatively, the
value obtained for D in this interpretation is smaller
than the diffusion coefficients found for singlet ex-
citons in organic crystals and in cadmium sulfide
but larger than those reported for migration among
rare earth sensitizers in other host crystals and
glasses. These results indicate that at high
temperatures the excitons take on the order of 8500
steps in their random walk. Blasse" concludes
from his work that only two steps between tungstate
ions occur before transfer to Eu ' in the system
V,WO, :Zu~' at 77 K.

The quantitative analysis of the data in the pro-
posed model indicates that exchange interaction is
somewhat stronger than dipole-dipole interaction
for both energy migration and energy transfer in
this system. This is consistent with the specula-
tion given in Ref. 2 but is questioned in Ref. 33.
The expression in Eq. (2) gives an estimate for the
energy transfer rate in a much oversimplified pic-
ture of exchange interaction. The more sophisti-
cated models involving superexchange" lead to a
highly anisotropic energy-transfer rate which falls
off much less rapidly with distance. For these
models the number and geometry of the oxygen
linkages are much more important than the sensi-
tizer-activator separation. However, it is difficult
to calculate theoretical estimates for the transfer
rates in these models since the equations involve
wave-function overlap integrals. This makes it
important to use exact expressions for the wave
functions which are generally not known. The over-
laps are therefore treated as empirical fitting pa-
rameters. Thus the transfer rates calculated in the
simple theory should be considered only as a lower
bound to the actual magnitude of the transfer rate.
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For the model described by Egs. (12)-(15), it
generally would be expected that the fluorescence
decays of both the host and activators would exhibit
initial rises or double exponential behavior. In-
stead pure exponential decays are observed for all
measurements. As discussed previously, this may
be due to processes not included in the model such
as direct excitation of activators or fast transfer
to activators before relaxation of the absorbing
site.

It has been shown that energy transfer can take
place between samarium ions at high concentrations.
This can lead to a quenching of the fluorescence in-
tensity above about 1.0-at. /~

8m~' and may give rise
to a less than linear concentration dependence of the
fluorescence intensity ratios. This interaction has
not been included inthe model discussed above and
it may contribute to the less than linear concentra-
tion dependence shown for the fluorescence intensity
ratios in Fig. 9, although Eq. (31) also predicts
this.

The excitation spectra show that all four tungstate
excited states transfer their energy to samarium
ions and indicate that the two low-energy states
transfer energy more efficiently than the two high-
energy states. This is substantiated by the fact
that the characteristic fluorescence emissions from
the two lower-energy levels cannot be observed at
all in the doped samples. The fact that lifetime
quenching is observed shows that transfer from the
two higher levels takes place after thermal relaxa-
tion occurs in these states. The quantitative values
for the energy transfer rates discussed in Sec. III
represent lower bounds for the total system since
the rates will be greater for the two lower levels.

Although there is some evidence in Fig. 6 of the
presence of radiative reabsorption, this is not an
efficient enough process to account for much of the
observed energy transfer. Also the observed
quenching of the tungstate fluorescence lifetimes
gives proof of the presence of radiationless energy
transfer.

Theories of phonon assisted energy transfer can
also predict an exponential temperature dependence
for the transfer rate in some cases as observed
for this system. However, in order to concurrently
explain the observed concentration dependences, it
is necessary to have a more complicated process
such as the exciton migration to activator induced
host traps as proposed here.

Much of the previous work done on energy trans-
fer in calcium tungstate dealt with the thermal
quenching of the luminescence above room tempera-

ture and no measurements have been reported below
liquid-nitrogen temperature. ' ' Also only fluores-
cence intensity measurements have been made; no
work has been done on lifetime quenching or excita-
tion spectra. Within the same temperature range,
our results for the temperature dependence of the
fluorescence intensity ratios are similar to those
reported earlier. Above room temperature the
fluorescence intensities are reported to decrease
rapidly due to thermal quenching in the host. '
The dependence of energy transfer on excitation
wavelength and the fact that this varies with samar-
ium concentration has also been noted previously. '
The earber model for energy transfer in this sys-
tem assumed energy migration to occur only above
200 K while below this temperature energy transfer
took place only if light happened to be absorbed in
a tungstate ionlocated next to a samarium impurity.
The presence of nonfluorescing traps were postulated
to account for changes in the host fluorescence with
temperature. Such a model cannot explain the more
complete set of data we now have available on the
luminescence properties of both pure and doped
CaWO4. It has also been proposed that the migra-
tion of self-trapped hole (V„) centers might be re-
sponsible for energy transfer in calcium tungstate. 9

However, the lack of production of paramagnetic
centers by uv radiation and the fact that such a bi-
molecular process should exhibit an excitation in-
tensity dependence which is not observed, makes
this improbable.

In summary, the very complicated observations
of the temperature and activator concentration de-
pendence of the fluorescence intensities, lifetimes,
and excitation spectra in samarium-doped calcium
tungstate over a wide temperature range extending
to below 10 K, have been interpretated using a very
complex model involving both direct energy trans-
fer and hopping migration of self-trapped excitons,
and both intrinsic and activator-induced host traps.
Although no corrclusive proof can be given for the
correctness of the model, it qualitatively predicts
the observed results and gives reasonable quan-
titative estimates for the energy transfer param-
eters.
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