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Time-resolved spectroscopy after pulsed nitrogen laser excitation was used to characterize the energy
transfer between Eu?* ions in different crystal field sites in RbMgF; crystals. The results are consistent
with electric dipole—dipole interaction and indicate that the Eu?* ions are forming clusters in this host.
As temperature is raised, the upper crystal field components of the metastable states of the ions

become thermally populated and this changes the characteristics of the transfer process.
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1. Introduction

The fluorescence properties of divalent
europium ions in various host materials
have been studied extensively for many
years (I, 2). The two major reasons for the
interest in this ion are its practical applica-
tion as an X-ray intensifying phosphor and
the fact that its spectral properties are
highly sensitive to its local surroundings.
This latter property makes Eu?* an excel-
lent probe of local crystal fields in different
hosts. Recently there has been a significant
amount of interest in characterizing the de-
fect structure of doped alkali halide crys-
tals. Ions such as Eu>* and Mn?* have been
used to study the effects of charge compen-
sation, impurity aggregation, and precipita-
tion of impurity phases(3, 7). It has been
shown that the defect structure affects
many of the important physical properties
of these crystals. This type of work is now
being extended to other types of crystals
such as RbMgF; (8).

In this paper we describe the results of a
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study of the fluorescence properties of Eu?*
ions in RbMgF; crystals using laser-ex-
cited, time-resolved, site-selection spec-
troscopy techniques. Emission of Eu?* ions
in different types of crystal field sites is
identified and the energy transfer between
ions in nonequivalent sites is characterized.
The results clearly indicate that the Eu?*
ions are forming clusters in this host.

H. Experimental

Good optical quality single crystals were
grown by the Bridgeman method in the
Oklahoma State University Crystal Growth
Facility. The sample investigated here con-
tained about 0.05% Eu?* and about 0.15%
Mn?*. A recent investigation of the optical
properties of this sample has shown that the
Eu?* and Mn?* ions tend to form pairs and
that the excited Eu?* ions in these pairs
transfer virtually all of their energy to the
Mn2* ions (8). Therefore the Eu?* ions
which are paired with Mn?* ions do not ex-
hibit any fluorescence and the observed
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Eu?* emission comes from ions which are
not interacting with Mn2*, This is verified
by the fact that the measured Eu?* fluores-
cence lifetime is not quenched by the addi-
tion of higher concentration of Mn?* ions.
Therefore in this study the presence of the
Mn?* ions in the crystal is essentially ne-
glected since it does not affect the interac-
tion between the Eu?* ions which is the
main focus of this paper.

The sample was mounted on the cold fin-
ger of a cryogenic refrigerator capable of
varying the temperature between 10 K and
300 K. A Molectron UV-14 pulsed nitrogen
laser was used as the excitation source.
This produced a pulse of about 10 nsec in
duration and 1 A bandwidth at 3371 A. The
sample fluorescence was focused on the
entrance slit of a 1-m Czerny~-Turner
monochromator set for a resolution of .03
nm. The signal was detected by an RCA
C31034 photomultiplier tube, averaged by a
PAR boxcar integrator, and recorded on a
strip chart recorder. The time resolution of
the system was set at 15 nsec.

The laser pulse excites the 35,,-5P»
transition within the 4f7 configuration of
Euw?*. The inverse of this transition is the
origin of the fluorescence emission in this
host.

I11. Low Temperature Results

Figure 1 shows the fluorescence emission
of the Eu* ions at 12 K at two times after
the laser pulse. There appears to be two
dominant spectral lines with some less in-
tense structure. The strong line at 3605.4
A is the most intense at short times and the
strong line at 3613.8 A is the most intense at
long times. Both of these lines are attrib-
uted to the same transition of Eu?* jons in
slightly different crystal field sites which
have different energy level splittings. The
ground state splitting (0.2 cm™!) is too small
to be observed and the weak structure on
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F1G. 1. Ev** emission spectra at 12 K at two times
after the excitation pulse.

the higher energy side of each of the main
lines is due to transitions from the higher
crystal field multiplets of the 8P, level and
ions in other less populated types of crystal
field sites. The observed time dependence
indicates that energy transfer is taking
place from ions giving rise to the high en-
ergy line to ions in sites producing the low
energy line. Thus these lines are labeled
sensitizer (S) and activator (A), respec-
tively. The lifetime of the former is mea-
sured to be 50.09 psec and that of the latter
is 103.84 usec. These are listed in Table 1.

In order to quantitatively characterize
the dynamics of the energy transfer process
the ratio of the integrated intensities of the
activator to the sensitizer lines was plotted
versus time after the laser pulse as shown in
Fig. 2. There is a rapid increase at short
times and then a leveling off at longer times
indicating some equilibrium condition has
been reached.

In order to interpret these energy transfer
data a model involving the interaction of
two two-level systems is assumed as shown
in Fig. 3. The rate equations describing the
dynamics of the excited state populations
are

dn(0)/dt = nl0)5(r)
- (Bs + Wsa)ns(t) + Wasna(t) (1)
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F16. 2. Ratios of the integrated fluorescence intensi-
ties as a function of time after the exciton pulse at 12
K. See text for explanation of the theoretical line.

dn,(t)/dt = n,(0)8(2)
- (Ba + Was)na(t) + Wsans(t) (2)

where ny(f) and r,(¢) are the populations of
the excited states of sensitizers and activa-
tors at time #, respectively, 8; and 8, are the
fluorescence decay rates of the ions in the
two types of sites, and W,, and W, are the

energy transfer and back transfer rates. The .

excitation pulse is approximated by a §(7)
function. The excited state populations are
related to the measured fluorescence inten-
sities by I; = Bin; where B! represents the
radiative decay rate. The solution to these
equations gives

LI = [L,(0)/I0)]
{1 + Gutanh(Bn}{1 + Gtanh(B)} (3)

where

B? = %[Wsa + ,Bs - Was - ,Ba)2 + WsaWas

G, = {[ns(0)/n,(0)]W,,
+ %(Wsa + ,Bs - Was - .Ba)}/B
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F1G. 3. Two-level system model for energy transfer.
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Gs = {[1n(0)/ny(0)] W,
= M Wa + B — Wiy — B)}VB.

The solid line in Fig. 2 represents the best
fit to the data obtained from Eq. (3) treating
the energy transfer rates, the initial popula-
tion ratio, and the ratio of radiative life-
times as adjustable parameters. The values
of these parameters are listed in Table 1.

IV. Results at Higher Temperatures

As temperature is raised, the Eu?* emis-
sion spectrum becomes much more com-
plex. This is due partially to emission from
thermally populated upper components of
the crystal field split manifold of the meta-
stable state. In addition, the population of
new levels and the presence of thermal en-
ergy cause the activation of energy transfer
to Eu’* ions in new types of sites. A portion
of the emission spectrum at 77 K is shown
in Fig. 4 at two times after the excitation
pulse. The sensitizer line at 3605.4 A still is
strongly selectively excited but now emis-
sion can also be observed from the next
higher crystal field component of the meta-

TABLE 1
ENERGY TRANSFER PARAMETERS

T (K)
Parameter 12 77
75 (psec) 50.1 20.7
7, (usec) 103.8 693.0
W, (sec™!) 6.16 x 10*
W, (sec™!) 0.90 x 10#
n,(0)/ny(0) 0.25
BYB; 1.15
Ry (A) 7.8 9.0
R, (A) 6.5 9.0
7, (usec) 50.1
Wi (usec) 15.4
W, (msec) 1.0
AE, (cm™) 31.25
AE, (cm™) 34.27

Note. Values below broken line obtained from tem-
perature dependent data.



Eu?* IONS IN RbMgF;

¥ (cm®)

27900 27850 27800 27750 27700 27650
T T T T — T

f
i's s
i
4

T=77K 4

50ps— — — |

>
3610

3590 3600
NA)

FiG. 4. Eu** emission spectra at 77 K at two times
after the excitation pulse.

stable state of the ions in this type of site.
This appears as the line at 3601.2 A in the
spectrum which implies a crystal field split-
ting of 8E = 32.4 cm™!. The activator line
identified at low temperature is weak and
shows little relative time dependence at
high temperatures. This indicates that the
ions in this type of site are no longer effec-
tive in receiving the energy from the ions in
the sensitizer sites. Instead, the relative
time evolution of the spectral line at 3603.0
A indicates that the ions in the type of site
producing this transition are being strongly
pumped through energy transfer from the
sensitizer ions. Although some of the spec-
tral lines at higher energy may be associ-
ated with other transitions from these acti-
vator ions, the overlap among the various
lines makes it impossible to make any con-
clusive assignment.

The general form of the time dependence
of the ratio of the integrated intensities of
the sensitizer and activator transitions is
similar to that observed at low tempera-
tures. No attempt was made to quantita-
tively fit the high temperature time-re-
solved spectroscopy data with a two-level
system model since the complex nature of
the spectrum does not allow the lines to be
resolved cleanly. Thus the error bars on the

335

data were too large to obtain unique theo-
retical fits.

The evolution of the spectral characteris-
tics with temperature from the 12 K to the
77 K values is very complex because of the
presence of various different types of phys-
ical processes. For example, Fig. 5 shows
the change with temperature of the ratio of
the integrated fluorescence intensities of
the sensitizer and the activator emissions at
1 usec after the excitation pulse. There is
no point below 20 K because no emission
from this type of activator can be observed
at these temperatures. The high value of the
ratio at low temperature is due to the
quenching of the sensitizer fluorescence by
energy transfer to the low temperature type
of activator ions. The ratio decreases as
temperature is increased because this type
of process is turning off.

Figure 6 shows the changes in the
fluorescence lifetimes with temperature.
The low temperature activator emission
quenches rapidly with temperature whereas
the sensitizer emission decreases rapidly at
low temperature and begins to level out at
high temperature. The high temperature ac-
tivator emission exhibits a more complex
be'havior with a very rapid decrease at low
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F1G. 5. Temperature dependences of the fluores-
cence intensity ratios taken at 1.0 usec after the exci-
tation pulse.
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F1G. 6. Temperature dependences of the fluores-
cence lifetimes of the sensitizer (s), low temperature
activator (a), and high temperature activator (a') ions.
See text for explanation of the theoretical line.

temperatures, a less rapid decrease be-
tween 50 and 100 K, and then a more rapid
decrease at higher temperatures. These
changes again indicate the occurrence of
complex spectral dynamics. An example of
one possible way to interpret the tempera-
ture variation of the sensitizer decay time is
through the equation

i = 77"+ W, exp[—AE/KT]
+ Wy{l — expl-AE/KT]}". (4)

Here ¢ is the fluorescence decay time of
these ions, 7 is the radiative decay time, W,
is the energy transfer rate, and W, is the
phonon emission rate. The transfer process
is assumed to occur with an exponential ac-
tivation energy of AE;. The phonon emis-
sion term was needed in order to obtain the
leveling off of the lifetime at high tempera-
tures. The solid line in the figure represents
the best fit to the data using Eq. (4) and
treating the various rates and activation en-
ergies as adjustable parameters. The pa-
rameters obtained in this way are listed in
Table 1.

V. Discussion and Conclusions

At 12 K the best fit to the time-resolved
spectroscopy data was obtained using a
time-independent energy transfer rate. At-
tempts to obtain a good fit to the data with
time-dependent rates were unsuccessful.

GHAZZAWI, VENIKOUAS, AND POWELL

Constant energy transfer rates indicate the
presence of one of two possible physical
situations. The first is transfer over fixed
sensitizer—activator separations and the
second is transfer involving efficient migra-
tion of energy among the sensitizer ions be-
fore transfer to activators. The latter pro-
cess is unlikely in this case because of the
low concentration of sensitizer 1ons.

For constant sensitizer—-activator separa-
tion R, , the energy transfer rate for electric
dipole-dipole interaction can be expressed
as

We = TS_I(RO/Rsa)6 (5)

where the critical interaction distance Ry is
given by (9)

Ry = {3[e¥mc?]
[Qd ) 2mnvs)*e.  (6)

Here n is the index of refraction for
RbMgFs;, v, is the average wavenumber in
the region of spectral overlap, ¢, is the
quantum efficiency of the sensitizer, f, is
the oscillator strength of the activator tran-
sition, and {2 is the spectral overlap integral
for the sensitizer and activator transitions.
The latter two quantities can be found from

0 = 77 [Avs + Av,l/
[(Avs + Ava)? + (v — va)?]

and
fi = (LS A2 [(n? + 2)/3)%n]!

where v; and Av; are the positions and
widths of the spectral transitions. Using ob-
served spectral parameters, the critical in-
teraction distance is predicted to be 7.8 A at
12 K and 9.0 A at 77 K. If these values are
substituted into Eq. (5) along with the mea-
sured fluorescence lifetimes and the energy
transfer rates obtained respectively from
fitting the time-resolved spectroscopy and
fluorescence lifetime temperature variation
data, the sensitizer—activator separations
are found to be approximately 6.5 A at 12 K
and 9.0 A at 77 K. X-ray crystal structure
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results show the nearest neighbor separa-
tion between two Eu?* sites to be 5.84 A
and the fifth nearest neighbor separation to
be 9.6 A in RbMgF; crystals (10). This
shows that the energy transfer observed in
this work occurs between Eu?* ions in clus-
ter formations.

Using Eq. (4) the transfer rate to the high
temperature activator was found to be
about 4.7 X 10*sec!at 77 K and the activa-
tion energy for this transfer is 31.2 cm™L.
The latter value is consistent with the mea-
sured splitting of 32.4 cm™~! between the
two crystal field components of the sensi-
tizer. The ratio of the back transfer to the
transfer rate should be proportional to a
Boltzmann factor exp{—AE,,/kT}. The data
obtained at 12 K predicts a value of AE, =
13.3 cm™! which is close to the difference in
the energies of the high energy activator
level and the upper crystal field component
of the sensitizer, 13.1 cm™L.

In summary, these results show the com-
plex nature of the dynamics of the interac-
tion among clusters of Eu?* ions occupying
three different types of sites. The picture
most consistent with all of the data is that
the sensitizer transfers energy to the high
energy activator from its upper crystal field
state as it relaxes from the excited °P;;
level. At low temperature this activator ei-
ther transfers the energy on to the low tem-
perature activator which fluoresces or
back-transfers to the sensitizer, whereas at
high temperature it either fluoresces itself
or back-transfers. The transfer process is
consistent with electric dipole—dipole inter-
action and is enhanced by the thermal occu-
pation of the upper crystal field component
of the sensitizer. The microscopic origin of
the different types of sites is not known but
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is probably due to the presence of structural
or chemical impurities in the lattice.

In conclusion, this work demonstrates
the usefulness of time-resolved site-selec-
tion energy transfer studies to elucidate im-
purity ion distributions in host crystals. In
particular, the results show that Eu?* ions
are forming close neighbor clusters in
RbMgF; crystals even at very low concen-
trations.
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