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Energy-transfer mechanisms have been examined in the KCIL:Eu?* ,Mn?* system at low Eu- and
Mn-ion concentrations. The Eu ions represent the donor system, the Mn ions the acceptor one. No
transfer evidence has been found in quenched samples; by annealing the samples at temperatures
higher than 200°C, the typical Mn?* emission is observed after excitation in the Eu’* absorption
band. The energy-transfer mechanisms have been examined along the aggregation process induced
by annealing the KCl:Eu>*,Mn?* samples at 225°C for very long times: three different types of be-
havior have been evidenced. In the early annealing stages a single pair donor-acceptor transfer mech-
anism is observed, while at longer annealing times an energy diffusion in the donor system, followed
by a phonon-assisted transfer, takes place. Finally, at very long annealing times the energy diffusion
process is followed by a resonant transfer mechanism.

I. INTRODUCTION

As is known, the energy-transfer process consists of an
interaction mechanism between centers, called donors and
acceptors; as a consequence of this interaction the donor
system, raised by an external source to the excited state,
can release part of the absorbed energy to the acceptor
system. Donor centers can act as the constituents of the
host lattice. Forster' and Dexter’ developed the first
theories for the process in the case of multipolar coupling;
Inokuti and Hirayama® considered the case of exchange
coupling too. Mijakawa and Dexter* considered the pos-
sibility of the interaction of the energy involved in the
transfer with the lattice phonons. Depending on the con-
centration and distribution of the donors and acceptors it
is possible to obtain a direct energy transfer; that is, a
single-step process, or more complex behavior, in which
the excitation is migrating through the lattice following a
multistep process before the transfer takes place.>®

In the present paper the energy-transfer processes are
analyzed in the system KCI:Eu?*,Mn?*; the donor sys-
tem is represented by Eu?* ions, the acceptor one by
Mn2+ jons.

Optical absorption, excitation, luminescence, and
luminescence time decay spectra measurements were per-
formed on this system and compared with the same spec-
tra measurements performed on the KCl:Eu?* system in
order to examine the difference introduced in
KCL:Eu?*,Mn2* samples by the transfer processes.

Since the distance among the impurities is of extreme
importance in the transfer process, the disappearing of iso-
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lated defects in the solid solution was monitored by the
ionic thermocurrent technique’ (ITC) in order to check
the aggregation behavior of the impurities. For the sake
of brevity, the analysis of the KCl:Eu?* system will not
be reported here; only the results necessary for the com-
parison with the behavior of the KCI:Eu?*,Mn?* samples
and for determining the transfer rates are reported in this
paper.

It is known that the KCI:Eu®* system is characterized
by two absorptions bands lying in the ultraviolet region
and by a unique emission band centered at 419 nm when
the samples are quenched, namely when the Eu ions are
completely dissolved in the matrix in the form of
impurity-vacancy (IV) dipoles. By annealing KCL:Eu?*
samples at room temperature (RT) and at higher tempera-
tures,®° new emission bands centered at 427, 439, and
478 nm develop.

KCl:Mn?" is characterized by a series of absorption
bands!®!! (that can be detected for very large Mn?* con-
centrations due to the low oscillator strength of the ab-
sorption transition) and by an emission band peaking at
about 580 nm.'? Two absorption bands of Mn2*
ions!®!! —that represent the acceptor system—are peaked
at about 419 and 440 nm (at RT), which overlap the emis-
sion band of Eu?* dipoles and Eu?* aggregates centered
at 419, 427, and 439 nm, respectively; this overlapping
matches one of the conditions for the energy transfer. It
is therefore possible to analyze transfer mechanisms in the
Eu’*-Mn’* system both when the impurities are dis-
solved in the matrix as IV dipoles and when the impuri-
ties form aggregates.
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FIG. 1. KCl:Eu?**(54 ppm),Mn?*(3 ppm): Eu-IV dipole con-
centration vs annealing time at 225°C, after sample quenching
from 500°C. Solid circles: experimental data. Solid line: calcu-
lated decay curve according a monomolecular second-order ki-
netics. The arrows indicate the steps at which the analysis of
possible energy-transfer processes has been studied in detail. In
the inset we show an ITC plot of the same sample freshly
quenched: Mn-IV and Eu-1V dipole peaks are indicated.

II. EXPERIMENTAL PROCEDURE

Single crystals of KCl:Eu?>*,Mn>* were grown using
the Bridgman technique and the amount of OH™ was
minimized according to a procedure described else-
where.!® The actual Eu?* concentration in the samples
was evaluated from the optical-absorption spectra at RT
following the criterion reported by Suszynska et al.'*

The Mn?* concentration could not be evaluated by
means of optical measurements due to its undetectable op-
tical absorption. Hence the Mn2* concentration (in the
form of IV dipoles) has been measured using the ITC
technique,’ since the ITC peak due to Mn-IV dipoles is
distinct from that due to Eu-IV dipoles (see, for example,
the inset of Fig. 1).

Optical-absorption spectra were gathered using a Varian
2390 recording spectrophotometer. For the emission- and
excitation-spectra measurements a continuous deuterium
lamp was employed as the excitation source; the lumines-
cence was detected by means of a single-photon—counting
technique. The input and output wavelengths were select-
ed by means of a Jarrel-Ash (0.25 m) and a Jobin-Yvon
monochromator. For time-resolved spectroscopy a
homemade flash lamp or an Edinburgh tyrathron gated
flashlamp (model 199F) and a time-correlated single-
phonon-counting technique were used. Finally, ITC
spectra—gathered in order to obtain information on the
aggregation of the impurities—were acquired via the usu-
al procedure.’

III. EXPERIMENTAL RESULTS

In this paper the energy-transfer processes have been
examined at different stages of the aggregation in the sys-
tem KCLEu?",Mn?* by measuring—as previously
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outlined—the optical absorption, excitation, lumines-
cence, and luminescence time decay spectra. Further-
more, the IV dipole concentration has been monitored
during the aggregation process in order to establish the
nature of the clusters, i.e., the first aggregation products,
by means of the ITC technique (see, for example, Fig. 1).

In the following we are describing—for the sake of
example—the behavior of KCI:Eu?*,Mn?* samples, the
Eu-IV dipole concentration of which, measured immedi-
ately after a quenching, turned out to be 54 ppm. The
Mn-IV dipole concentration turned out to be 3 ppm.
Furthermore, KCL:Eu?*t samples have been examined,
with a Eu-IV dipole concentration ranging between 20
and 90 ppm, in order to match the Eu?* concentration in
the double-doped samples.

A. Quenched samples

Figure 2 shows the absorption, excitation, and emission
spectra of the KCLl:Eu?*,Mn?* sample immediately after
a fast quenching from 500°C; only the absorption and
emission bands typical of Eu?* dipoles are observed, evi-
dence being present neither for absorption nor for emis-
sion of the Mn?* system.

B. Evidence for Eu— Mn transfer: Emission, absorption,
and excitation spectra

By annealing the samples at temperatures higher than
200°C, the typical Mn2* emission, centered at about 580
nm, starts to be detectable and its intensity increases by
increasing the annealing time ¢,. In Fig. 3 the emission
band of the KCl:Eu?t ,Mn?t system, after 360 h anneal-
ing at 225°C, is presented as an example: Curve a refers
to the emission detected at RT and curve b to that detect-
ed at liquid-nitrogen temperature (LNT). The Eu?* emis-
sion, shown in Fig. 3, is built up by the 419-nm emission
band (related to isolated IV dipoles) and by a tail at
longer wavelengths which is due to Eu’™ aggregates.’
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FIG. 2. Absorption (solid circles), excitation (triangles), and
emission (squares) spectra of a quenched KCI:Eu?* ,Mn?* sam-
ple at RT, with a Eu concentration of 54 ppm and a Mn concen-
tration of 3 ppm.
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FIG. 3. Emission spectra of the KCl:Eu?* Mn?* system at
RT (curve a) and at LNT (curve b) excited in the Eu?* absorp-
tion band; Ae=275 nm. The sample has been annealed for 360
h at 225°C. The Eu and Mn concentrations are the same as in
Fig. 1.

The tail intensity increases with the annealing time at
225°C. Furthermore, in the 580-nm region the Mn?*
emission is evidenced.

Figure 4 shows the emission of a KCL:Eu?** sample
with 90-ppm Eu’* concentration, submitted to the same
thermal treatment as the KCIL:Eu?*,Mn?* sample to
which Fig. 3 refers. KCL:Eu?>* samples with a Eu?* con-
centration lower than 90 ppm show the same behavior as
that reported in Fig. 4. In the inset of Fig. 4, curves a
and b represent—after normalization—the emissions at
RT of the KCL:Eu?>* ,Mn2?* and KCL:Eu?* systems, re-
spectively. The difference between them is indicative of
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FIG. 4. Emission spectra of the KCl:Eu?’* sample (Eu con-
centration of 90 ppm) at RT (triangles) and at LNT (open cir-
cles). Aexc=275 nm. In the inset the emission spectra at RT of
the KCI:Eu?*,Mn?* (curve a) and KCL:Eu** (curve b) samples
are reported after normalization.
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the energy transfer which occurs, in KCL:Eu?* ,Mn?*
samples, from Eu?* to Mn2* ions. This difference is
larger in the (430-460)-nm region, indicating that at these
wavelengths the transfer from Eu’* to Mn?* is more
efficient. Hence this region has been examined in more
detail in order to analyze the transfer mechanisms.

During the thermal-annealing process, the absorption
band and excitation spectrum have been examined for the
KCL:Eu?* ,Mn?* system. In Fig. 5 the absorption band
and the excitation spectra for the emissions centered at
450 and 580 nm, respectively, are reported. The two exci-
tation spectra overlap rather well and this fact is a further
evidence of Eu-Mn transfer between the (430-460)-nm
emission of the Eu system and the 440-nm absorption
band of the Mn system.

The data reported in Fig. 5 have been taken for the
same sample and under the same conditions of thermal
annealing in which the measurements of Fig. 3 were per-
formed. It is worth stressing that the excitation spectra
related to the emission centered at 419 nm exhibit a be-
havior completely different from that reported in Fig. 5,
but similar to that reported in Fig. 2. For the sake of
brevity these latter data are not shown here.

C. Luminescence time decay of the donor system
and transfer mechanisms

The luminescence time decays have been investigated
both in KCI:Eu?** and in KCI:Eu?*,Mn?* systems, sub-
jected to the same thermal treatments (at 225 °C), at some
points along the aggregation process, namely at the initial
stage (t, ~94 h, when the Mn?" emission starts to be
detectable), an intermediate stage (¢, ~360-500 h, when
the Mn2* emission intensity at RT ranges between 0.05%
and 0.1% of the 455-nm Eu?* emission intensity), and a
final stage (z, ~1000 h, when the emission intensities of
Mn?* at 580 nm and of Eu®* at 455 nm are comparable).

The results can be summarized as follows.
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FIG. 5. Absorption band (triangles) of a KCL:Eu’* Mn?*
sample (Eu concentration of 54 ppm, Mn concentration of 3
ppm) after 360 h of annealing at 225°C. The solid circles and
the squares represent the excitation spectra for the Eu’* and
Mn?* emission bands, respectively.
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FIG. 6. Luminescence time decay signal at RT for a

KCLEu?* ,Mn?* sample after 94 h of annealing at 225°C (Eu
and Mn concentrations are the same as in Fig. 1). The solid line
represents the best fitting of the experimental points as explained
in the text; one channel= 16 ns.
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FIG. 7. Luminescence time decay rates as a function of the
temperature in the range 80-295 K for the KCl:Eu?>t ,Mn?* sys-
tem after 360 h of annealing (curve b) and after 500 h of anneal-
ing (curve a), and for the KCl:Eu?* system after 400 h of an-
nealing (curve ¢). Tannea =225°. The solid lines represent only a
guide for eyes.
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(@) Initial stage. Figure 6 shows the time decay of the
luminescence of KCl:Eu?* Mn2* detected at 455 nm.
The signal is characterized by a nonexponential initial
trend followed by a pure exponential behavior with a time
constant typical of the early Eu?" aggregates as measured
in KCI:Eu?* annealed for the same time. Figure 6 refers
to a situation in which 72% of Eu-IV dipoles are still in
solid solution.

(b) Intermediate stage. In this case the time decay sig-
nals of the KCI:Eu?*,Mn?™* system are characterized by a
unique exponential behavior; they are not reported here
for the sake of brevity. Figure 7 reports the values of the
time decay rates for the KCLEu?>*,Mn?* system as a
function of temperature for ¢, ~360 (solid circles) and 500
h (triangles). The squares represent the values of the time
decay rates of a KCL:Eu?* sample; it should be remarked
that the behavior of KCI:Eu?* remains the same for an-
nealing times ranging between 200 and 1000 h. Figure 7
refers to situations in which the Eu-IV dipole fraction,
still in solid solution, is 38% and 31%, respectively.

(c) Final stage. In this region the Eu-IV dipole concen-
tration is reduced to 18% of the initial value. The
KCL:Eu?t Mn?* time decay values, related to the 455-nm
emission, are very short and exhibit poor temperature
dependence. For instance, the time decay constant ranges
between 30 nsec at LNT and 24 nsec at RT; this fact sug-
gests that—at this aggregation stage—a pure resonant
transfer mechanism occurs.

IV. DISCUSSION

Before discussion of our experimental results, let us
consider the following. Recently, the transfer processes
have been examined in the NaCl:Eu?* ,Mn?* system, !
which, in principle, could seem very similar to the
KCL:Eu?* Mn?* reported here. However, it is known
that the impurity aggregation processes very often change
by changing the host matrix (that is, KCl instead of NaCl)
as, for example, is shown in Refs. 16 and 17. In fact, in
the NaCl:Eu?* Mn?* system a very high transfer
efficiency has been observed!® and, as a consequence, the
Eu?* emission was not detected. This fact is not ob-
served in the KCl:Eu?>* ,Mn?* system probably due to a
different kind of Eu-Mn aggregate in which the transfer
takes place. Furthermore, the ratio between Mn and Eu
ranges, for the NaCl:Eu?* Mn2* system, between 100
and 5, while in our case it is 0.055. These different ratios
make the NaCl:Eu?* ,Mn?* and KCL:Eu?>* ,Mn?* systems
different from the point of view of the transfer process.

In fact, in the former case few Eu ions are embedded in
regions with many Mn ions. It is therefore reasonable
that the transfer process is a single-pair process'> from the
point of view of Eu ions. In the latter case Eu aggregates
probably include single Mn ions: the excitation energy
can migrate in the Eu system and interact with phonons
before the transfer to Mn ions takes place. As a second
remark, we stress that it is practically impossible to deter-
mine the distribution of the impurities in the samples,
and, in particular, the Eu and Mn distribution in the large
aggregates formed as a consequence of the annealing
treatments. With certain techniques, such as, for exam-
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ple, the ITC technique, we are able to determine the Eu
and Mn concentrations still in the solid solution; that is,
in the form of IV dipoles. The energy-transfer analysis
can be used just to characterize the defect distributions
outlined in Ref. 15.

Concerning our experimental results, we discuss the fol-
lowing points.

A. Quenched samples

As previously outlined, the Mn?* system is character-
ized by many absorption bands; among them those peak-
ing at 419 and 440 nm strongly overlap the Eu-IV dipole
emission (peaking at 419 nm) and those due to Eu aggre-
gates (peaking at 427 and 439 nm, respectively). The
absence of any Mn?* emission in quenched
KCLEu?* ,Mn?* samples (see Fig. 1) is probably due to
the large distance between Eu?’* and Mn?* ions due to
the low overall concentration of these impurities and to
the fact that they are dispersed in the lattice. Let us esti-
mate the value of the critical distance for Eu?*-Mn?*
transfer, using the current theoretical models. The
energy-transfer probability in the case of a dipole-dipole
interaction, P(dd), is given by Dexter? and by Blasse:!®

8QA 1

P(dd)=0.56 x10? —
R, E*

[ folE)F((EYIE, (1)

where Q , is related to the oscillator strength P, of the
transition'® according to Q,=4.8x10"'® P, , R is the
distance between donors and acceptors, 7p is the decay
time of donors, fp(E) and F,(E) represent, in the over-
lapping integral, the normalized shape of the donor emis-
sion band and the acceptor absorption band, respectively,
and E is the average value of the energy involved in the
transition.

Usually a critical value of the distance R, is defined as
the value for which the transfer probability equals the
probability of intrinsic radiative emission of the donors.
Namely, for R =R., we have

P(dd)rp=1. 2)

We assume a value of 10~7 for P4 of Mn?* ions (as quot-
ed, for example, in Ref. 19) and a value of 2.82 eV for E.
The overlapping integral is evaluated as 2 eV ™! by using
the Mn?* absorption band reported in Ref. 11. In fact,
due to the very low Mn?* concentration present in our
samples the related absorption bands are not detectable.
From (1) and (2) it is possible to obtain, for R,

RY=4.7A .

In an alternative hypothesis, the transfer process can take
place through an electric-dipole—quadrupole interaction.
In fact, the Mn2?" transition is partially forbidden as an
electric-dipole transition.!®?°  The dipole-quadrupole
transfer probability P(dq) can be evaluated’> and it was
used in order to estimate the critical distance R for
Eu?t-Mn>* transfer. We obtained a value of 29 A. The
mean distance between Eu’* and Mn?* ions in our
quenched samples can be estimated to be of the order of
123 A, a value that is considerably larger than the critical

R. CAPELLETTI et al. 36

R, values previously obtained; the transfer probability is,
in this case, some order of magnitude less than the intrin-
sic Eu?* decay constant 7,. Hence no Eu’*-Mn?*
transfer can occur in quenched samples. Furthermore, no
radiative transfer (which is proportional to R ~? rather
than R ~°) (Ref. 21) has been observed, probably due to
the very low oscillator strength of Mn?* absorption.

B. Aggregation process: Initial stages

Let us now discuss the transfer mechanisms observed
during the aggregation process. The Mn?* emission is
easily detected (see Fig. 3) in samples annealed at 225°C
for long times. The results can be explained by means of
a transfer process allowed by the overlapping between
Eu’* aggregate emission in the range 430-460 nm and
the Mn?* absorption centered at 440 nm, and by a reduc-
tion of the distance between Eu’* and Mn?* ions. We
assume that in the early aggregation stages the donor and
acceptor distribution is still random, even if the relative
distances are reduced with respect to the quenched situa-
tion. For a nonradiative single-step transfer process, and
in the case of electric multipolar interactions, the lumines-
cence time decay signal of the donors is given by®

3/5
] ,

(3)

(1) =Dyexp | — —T’— —470(1—2)N,R?
D

_t
D

where s=6,8,10 for dipole-dipole, dipole-quadrupole, and
quadrupole-quadrupole interaction, respectively, N, is the
acceptor concentration, R, is the critical transfer distance,
and 7p is the intrinsic donor decay rate. Equation (3)
gives a typical initial nonexponential trend followed by a
simple exponential decay characterized by the time con-
stant 7p of the donor system in the absence of the transfer
channel. The donor-acceptor pairs in which the transfer
takes place contribute to the initial nonexponential trend;
the isolated donors, which cannot transfer the excitation,
contribute to the exponential region. The experimental
points of Fig. 5(a) have been fitted by means of a CERN
MINUIT computer program using Eq. (3). The best fitting
of the experimental results was obtained by assuming
s=6, namely a dipole-dipole interaction.

C. Aggregation process: Intermediate stages

In the intermediate aggregation region the luminescence
time decay signal are characterized by a unique exponen-
tial. It is reasonable to assume that during the aggrega-
tion process the local concentration of Eu’* ions (the
donors) increases around the Mn2* ions (the acceptors)
and, as a consequence, donor-donor interactions can take
place as well.

The energy diffusion among donors can be very quick,
leading to a spatial equilibrium in the donor system.’
The simple exponential decay can be accounted for be-
cause the fast diffusion can average the donor-acceptor
pairs for what concerns the transfer rates. Example of
simple exponential behaviors in the case of fast diffusion
among donors are reported in Refs. 22 and 23.



36 ENERGY-TRANSFER MECHANISMS IN THE KCl:Eu’* ,Mn?* SYSTEM

From Eq. (1) it is possible to estimate the transfer prob-
ability between Eu’* ions in KCI and the critical distance
in order to support the possibility of a fast energy migra-
tion. The critical distance R, foroEu”-Eu2+ transfer
turns out to be of the order of 22 A, in agreement with
the results of Merkle et al.?* The minimum distance be-
tween Eu?* pairs in various kinds of possible Eu?* aggre-
gates is 6.28 A (dimer configuration). .

Assuming, as an example, a mean distance of 6.28 A
between Eu’t ions, the transfer rate between these ions
turns out to be of the order of 10~ s. If the unique ex-
ponential slope of the time decay signals of donor
luminescence is connected with the fast diffusion of the
energy, the problem consists of determining the mecha-
nism responsible for the donor-acceptor transfer that
represents the ultimate stage of the energy-migration pro-
cess. This transfer can be resonant or phonon assisted,
depending on the matching of the energies between the
transitions of donors and acceptors, respectively. One
possibility of distinguishing between resonant and non-
resonant mechanisms is connected to the comparison of
the transfer rates, as a function of the temperature, with
the available theoretical models developed for resonant??
and nonresonant processes.’

The transfer rates obtained from the data of Fig. 7 are
reported as a function of temperature in Fig. 8. The solid
line represents the best fitting obtained by using the avail-

30|
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FIG. 8. Transfer rates from the decay rates reported in Fig. 7.
Curves a and b have been obtained, respectively, from curves a
and b of Fig. 7. The solid lines represent the best fitting, ob-
tained by using Eq. (4), as explained in the text.
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able theoretical models; the best fit has been obtained by
assuming that the transfer probability P(w,T) as a func-
tion of temperature is given by

N
) 4)

fir kg T
P(w,T)x

fiw/kp T
e B 1

where N is the number of phonons involved in the
transfer process, #iw is the average phonon energy needed
to make up the energy mismatch AE =N fiw, and kp is
the Boltzmann constant. From the best fitting of the ex-
perimental data (solid circles, i.e., t, ~360 h) of Fig. 7, it
has been possible to determine the phonon energies #iw
and the parameter N:

fio=13.6 meV, N =5.

AE results in 68 meV. For the open triangles (i.e., t, ~ 500
h) of Fig. 6, AE results in about 58 meV.

Usually the phonons contributing to the transfer pro-
cess have energies close to the maximum of the phonon
spectrum.  Merkle et al.?*  report—for quenched
KCL:Eu?* —the presence of three peaks in the phonon
spectrum, at 6.3, 12.5, and 24.7 meV, respectively. The
last one is close to the cutoff energy and has been attribut-
ed? to a pseudolocalized mode due to the Eu?* impurity.
Unfortunately, no phonon spectrum has been reported for
KCI:Eu containing large aggregates.

D. Aggregation process: Final stages

In the late stages the transfer probability is practically
independent of temperature. For a resonant process Gan-
drud and Moos?? found, for example, that the transfer
probabilities are practically equal at LNT and RT. The
small changes observed in the transfer probabilities in our
case can be explained as arising from small displacements,
due to temperature, of the peak position of the emission
and absorption bands of donors and acceptors, respective-
ly.> This could result in a small reduction of the overlap-
ping integral of the bands and, as a consequence, in a
small change of the transfer probabilities.

In conclusion, the following behavior for
KCL:Eu?* ,Mn?* system—at the concentration used and
after the thermal annealings performed-—can be sketched.
In the quenched situation no transfer has been observed.
By annealing the sample, some Eu?*-Mn2* pairs assume
a configuration characterized by a distance value near the
critical one, and some transfer processes start to take
place. In the early aggregation stages the transfer mecha-
nism seems to be chiefly a single donor-acceptor—pair pro-
cess. At longer annealing times Eu’* aggregates of in-
creasing complexity are formed and characteristic of the
transfer is the unique exponential decay. Phonon-assisted
transfer and, finally, resonant transfer mechanisms, have
been evidentiated.

The transfer mechanism between Eu?* and Mn?* ions
seems sensitive to the aggregation state of the impurities;
this fact suggests the possibility of using the analysis of
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the energy-transfer mechanisms in order to obtain com-
plementary information on the aggregation processes. In
particular, for phonon-assisted transfer mechanisms the
phonon energies obtained from the fittings of the transfer

R. CAPELLETTI et al. 36

rates as a function of the temperature can give informa-
tion on the structure of the phases growing around the
impurity which acts as an acceptor.
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