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Energy transfer from Sn** to Mn?* ions has been investigated in single crystals of NaCl slightly
doped with tin and manganese ions. The data obtained indicate that the tin-sensitized manganese
fluorescence which takes place in our doubly doped quenched crystals occurs between the Sn-Mn
pairs which are preferentially formed in the crystalline matrix. The essential features of the kinetics
of Sn’* —Mn?* energy transfer are described considering an energy-level system in which both the
sensitizer and activator ions are treated as two energy-level systems. From the solutions of the rate
equations describing the time evolution of the excited-state populations for the isolated Sn and the
Sn-Mn complex and our experimentally determined data, the rate of Sn** —Mn?* energy transfer
was estimated to be greater than 7x 10® s~'. This value was then compared with those calculated
with use of Dexter’s theory of energy transfer via either multipolar- or exchange-interaction mecha-
nisms. To do this, several configurations for the Sn-Mn pair complex were employed. These calcu-
lations allowed us to get some insight into the possible nature of the tin-manganese complex and to
establish that the experimental data can only be plausibly explained if a short-range interaction
mechanism for energy transfer is active between these two impurity ions. Moreover, from the solu-
tion of the rate equations for the steady-state case, the ratio of the number of coupled Sn’* ions
which transfer energy to Mn”* to the total number of tin ions in the samples was estimated to be
approximately 5%. This result gives support to the ionic-radius criterion proposed by Rubio and
co-workers to predict pairing between two doubly valent impurity ions in an alkali halide host be-
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tween which energy transfer is desired.

I. INTRODUCTION

Recently, energy transfer from Eu** to Mn?* ions was
analyzed by Shinn and Sibley! in monocrystalline
RbMgF;:Eu,Mn. It was found that the energy transfer
was so efficient even at low dopant concentrations that it
should have occurred between the copious Eu-Mn pairs
which were preferentially formed in the lattice.

Motivated by this uncommon situation Rubio and co-
workers? > later studied the energy transfer from europi-
um or lead to manganese ions in monocrystalline NaCl,
NaBr, and KCl. As in RbMgF;:Eu,Mn the energy
transfer was found to occur even for a very low concen-
tration of either the sensitizer and/or the activator ions.
From this fact and other experimental data it was in-
ferred that the energy transfer could not take place be-
tween sensitizers and activators randomly distributed in
the lattice. Rather, it occurred between the Eu-Mn and
Pb-Mn pairs which were preferentially formed in the al-
kali halide matrix; the number of these pairs being, how-
ever, strongly dependent on the type of selected host. In
fact, these pairs are more numerous in the sodium halides
than in the potassium halides. This pairing between im-
purities most likely occurs to reduce the strain in the lat-
tice which results from the introduction of either impuri-
ty alone.

In order to explain the observed tendency for impurity
pairing, Rubio et al.>~> pointed out that both Eu-Mn and
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Pb-Mn pairs might be expected to occur in both NaCl
and NaBr in view of the ionic radii of the Eut (1.12 A),
Pb2* (1.24 A), and Mn?* (0.80 A) ions. In fact, if either
Eu-Mn or Pb-Mn ions couple through a Cl™ ion along
the [100] direction, then they fit perfectly in the allotted
space of either NaCl (5.6 A) or NaBr (5.96 A). However,
neither the Eu-Mn nor the Pb-Mn pair fit well in the al-
lotted space of the KCI lattice (6.28 A). Therefore, the
formation of these pairs is expected to be less favorable in
the latter crystal than in any of the sodium halides. This
fact has been also confirmed recently by Capelletti and
co-workers® studying the Eu’* —Mn?* energy-transfer
mechanisms which are active in the KCI:Eu?* ,Mn?* sys-
tem.

In order to obtain additional information which may
give support to the ionic-radius criterion to predict pair-
ing between doubly valent impurity ions in an alkali
halide host, in the present work a study of Sn?t
sensitized Mn?* fluorescence in monocrystalline NaCl
has been carried out. Tin was selected to perform this in-
vestigation since the optical absorption and emission
spectra of this ion in NaCl have been previously charac-
terized as a function of concentration, as well as of
several thermal treatments given to the crystals.” More-
over, its ionic radius (0.93 A) is quite appropriate to make
a useful comparison with the data obtained in NaCl dou-
bly doped with either europium and manganese or lead
and manganese ions.
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II. EXPERIMENT

Single crystals of NaCl doped with tin or doubly doped
with tin and manganese ions were grown in our laborato-
ry by the Bridgman technique. The concentration of tin
in the samples employed was estimated from the C band
in the optical-absorption spectrum of the freshly
quenched crystals using Smakula’s equation with a value
for the oscillator strength equal to 1.8 Manganese con-
centration was determined by atomic absorption spectro-
photometry. Thermal quenching was carried out by
heating the samples for 1 h at 870 K and then dropping
them as fast as possible onto a massive copper block at
room temperature.

Continuous fluorescence measurements were carried
out with a Perkin Elmer model 650-10-S
spectrofluorimeter which was equipped with a 150-W xe-
non lamp and a red-sensitive Hamamatsu R-928 pho-
tomultiplier tube. Some of the emission spectra were ob-
tained with a Perkin Elmer model LS-5
spectrofluorimeter which was operated in either the
fluorescence or the phosphorescence mode in order to
clearly characterize the emissions of tin and manganese.
In all cases, the emission and excitation spectra were
corrected for lamp intensity and photomultiplier sensi-
tivity. Optical-absorption spectra wete taken with a Per-
kin Elmer A-5 double-beam recording spectrophotometer.

Lifetime data were obtained by exciting the samples at
266 nm with 30-ps pulses of a quadrupled Nd:YAG (yt-
trium aluminum garnet) laser at the laboratory of R. C.
Powell at Oklahoma State University. The sample
fluorescence was detected by an RCA C-31034 photomul-
tiplier tube via a McPherson 0.45-m Czerny-Turner
monochromator. The electrical signal of the phototube
was processed by either a PAR model 165 gated integra-
tor connected to a PAR model 162 boxcar averager or by
a Tektronix model 7104 storage oscilloscope. For the
low-temperature measurements the sample was mounted
in the cold finger of an air-products model CS-202 cryo-
genic refrigerator with a temperature controller capable
of temperature variation between 11 and 300 K.

III. RESULTS

A. NaCl:Sn?* samples

The room-temperature absorption spectrum of a
quenched sample of NaCl containing 28 ppm of Sn?+
ions is portrayed in Fig. 1. It consists of three structured
bands labeled 4, B, and C in increasing order of energy.
These bands are due to electronic transitions®’ of the
Sn?* ions associated with the change in configuration
s2—sp; the A band has been attributed to the spin-orbit
allowed transition |'d4,,)——v|'T\,)+u|’Ty,),
where o and v are the mixing coefficients for the | 3T, )
and |!T,,) states; the B band to the forbidden transi-
tions |'A4,,)—|°T,,) and |'4,,)— |’E,,) and the
C band to the transition |'d)——p|'Ty,)

+v|3Ty,).

When the crystals were illuminated with light lying
within either of the A4, B, or C bands luminescence was
observed. Figure 2(a) shows, as an example, the obtained
emission spectrum when the excitation was performed at
266 nm and for two selected sample temperatures. A
similar spectrum was found when the excitation was per-
formed with light lying in the wavelength range 230-320
nm. The room-temperature spectrum consists of a broad
band peaking at 440 nm. When the sample temperature
was lowered to 77 K, the width of the 440-nm band de-
creased considerably and another band peaking at 530
nm became apparent in the emission spectrum. This
latter band was hardly detectable in the slightly tin-doped
crystals ( < 15 ppm) after a quenching treatment. The in-
tensity ratio between the 530- and 440-nm bands was
found to increase with tin concentration, as well as with
the room-temperature storage of the freshly quenched
crystals. For a tin concentration of ~150 ppm, the in-
tensities of both bands were found to be comparable in
the emission spectrum of the quenched crystals; all these
results being in good agreement with previous data.’

Although several models have been proposed to ex-
plain the origin of these two tin emission bands, the situa-
tion is far for being clear. While Zazubovich!~!* and
co-workers attributed these bands to the coexistence of
different types of isolated Sn’* cation vacancy centers
(i.e., the 440-nm band was ascribed to tin ions associated
with a next nearest-neighbor cation vacancy and the
530-nm band with the tin ions associated with a nearest-
neighbor cation vacancy), Fukuda'*~'® proposed that
these two emissions are due to transitions from the two
kinds of minima (A4, and Ay) on the adiabatic-
potential-energy surface (APES) of the T, relaxed excit-
ed state of the isolated tin ions which are forming the
Sn?* cation vacancy dipoles. The coexistence of these
two minima was attributed®!* to the quadratic Jahn-
Teller effect and/or anharmonicity or to spin-orbit mix-
ing between the excited states T, and 'T;,. On the
other hand, Marculescu et al.” proposed that the origin of
these two bands could be alternatively explained consid-
ering that the A, (440 nm) emission is produced by deex-
citation of a tin center in the >T, state while the 4y (530
nm) emission is produced by deexcitation of a different
tin center which reached the excited state 'T', through a
resonant energy-transfer process from a tin center in the
excited state °T,,. Moreover, since the intensity of the
530-nm band is enhanced with the increase in tin concen-
tration, as well as with the room-temperature storage of
the samples, it is suggested that this emission is related in
some way to tin aggregated complexes which are formed
as a result of the aging at 300 K or because the tin con-
centration in the crystal is above the solubility limit.

In view of this situation and because the presence of a
significant concentration of tin aggregates in the samples
analyzed might complicate the interpretation of the re-
sults obtained, all the data reported in the next section
were taken on slightly tin-doped crystals for which the
emission peaking at 530 nm was hardly detectable even
under very high-resolution conditions of our experimen-
tal setup.
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B. NaCl:Sn,Mn samples

The absorption spectrum of a tin (4 ppm) and man-
ganese (30 ppm) doubly doped quenched crystal of NaCl
was found to be nearly identical to that portrayed in Fig.
1 for the tin-doped NaCl. Light absorption in either of
the A, B, or C bands produced an emission which is
shown in Fig. 2(b) for two selected sample temperatures.
At both temperatures the emission spectrum consisted of
only two broad bands situated in the blue and red regions
of the electromagnetic spectrum. The blue emission had
the same characteristics (peak position and width) of the
tin-emission band peaking at 440 nm in NaCl:Sn and
therefore, was related with the deexcitation of the tin ions
in our doubly doped quenched crystals. On the other
hand, the red emission was observed only after the
NaCl:Sn crystal was contaminated with manganese ions.
The peak position of this emission was found to shift to
the red region of the electromagnetic spectrum when the
sample temperature was lowered. Both the peak energy
and shift with temperature of this emission are consistent
with the Mn2* emission characteristics. Moreover, the
introduction of manganese ions into the tin-doped NaCl
crystals produced a reduction in the integrated intensity
of the tin emission.

The liquid-nitrogen excitation spectra for the emission
bands peaking at 440 and 600 nm are portrayed in Fig. 3.
In all cases, the intense excitation bands are due to Sn>*
transitions.

Lifetime measurements were carried out in the range of
temperatures 11-300 K on the tin and manganese emis-
sion transitions peaking at 440 and 580-620 nm, respec-
tively. The very small intensity of the tin emission peak-
ing at 530 nm in all the samples analyzed did not allowed
us to obtained accurate lifetime data for this emission. In
the temperature range investigated the manganese
fluorescence decay exhibited a purely exponential time
dependence with a no observable rise time. The time
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FIG. 1. Room-temperature absorption spectrum for a freshly
quenched crystal of NaCl containing 28 ppm of Sn** ions.
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FIG. 2. (a) Emission spectra for Sn>* in NaCl at two selected
sample temperatures. This spectrum was taken on the same
sample from which the absorption spectrum given in Fig. 1 was
obtained. (b) Emission spectra for a tin and manganese doubly
doped quenched crystal of NaCl when the excitation is per-
formed at 266 nm.
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FIG. 3. Liquid-nitrogen excitation spectra for the emission
bands peaking at 440 and 600 nm.
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constant of the decay which corresponds to the lifetime
of the *T,(G) excitation level of Mn’" increased from
18.5 ms at room temperature to 37 ms at 11 K. The tin
fluorescence peaking at 440 nm also consisted of a unique
decay constant which increased from 2.3 us at room tem-
perature to 29 us at 11 K unlike the nonexponential de-
cays usually observed for ion-ion energy transfer in
solids. On the other hand, the Sn?>* fluorescence peaking
at 440 nm in a sample having no manganese present also
exhibited a pure exponential decay with a lifetime which
was determined to be equal, within experimental error
(+£5%), to that measured for the Sn’* emission in the
doubly doped crystals.

It was also ascertained that the aging at room tempera-
ture for several months did not produce a significant
change in either the intensity of the tin emission or of the
manganese one. This result might be expected consider-
ing that for the low concentrations of donor and acceptor
ions in our samples it is quite certain that the room-
temperature solubility limit of these impurities has not
been exceeded. Therefore, impurity aggregates and/or
precipitates are not expected to be formed during the
room-temperature annealing.

IV. DISCUSSION

The more significant experimental data described
above can be summarized as follows.

(1) Room-temperature excitation of the Sn’** ions in
our slightly doped NaCl:Sn**4 ppm),Mn**(30 ppm)
samples produced two emission bands at peaking at 440
and 580 nm. The former band is due to the deexcitation
of the tin ions, while the latter is due to the transition
*T1(G)—%4, of the Mn®>* ions. The peak position of
this band moves to the red when the sample temperature
decreases because of an increase in the magnitude of the
crystal field acting at the site occupied by the manganese
ions. On the other hand, the decrease in the lifetime of
this emission when the sample temperature is increased
may be explained considering that the probabilities for
the phonon-assisted and nonradiative processes are
enhanced with the increase in temperature.

(2) The excitation spectrum of the Mn?* luminescence
reveals the presence of the Sn?* absorption bands. This
result clearly indicates that Sn?>* —Mn?* energy transfer
takes place in our doubly doped quenched samples of
NaCl. This process occurs even for the very low concen-
trations of the donor and activator ions in our crystals.

(3) Pulse excitation of Sn?* resulted in a Mn2"
luminescence with no observable rise time. Taking into
account the sensitivity and the overall time response of
our experimental setup, this result indicated that the rise
time of the manganese fluorescence was shorter than 25
ns.

(4) The decay pattern of the Sn’>* luminescence in
NaCl:Sn is not affected by the presence of manganese ions
in the doubly doped crystals.

(5) The total integrated emission of the Sn’* ions is re-
duced by the presence of the manganese ions.

The Sn?* emission overlaps considerably the Mn?* ab-
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FIG. 4. Room-temperature overlap region of the tin emission
(dashed line) and manganese absorption (solid line). The latter
spectrum was taken from the work of Rodriguez et al. (Ref. 23).
The inset in this figure shows the normalized line-shape func-
tions in the overlap region.

sorption as can be appreciated from the spectra por-
trayed in Fig. 4. This spectral overlap is a necessary con-
dition for the occurrence of Sn’* —Mn?* energy
transfer. However, for the low concentrations of the im-
purities in our samples, the interaction distance between
donors and acceptors calculated from a truly random dis-
tribution of the impurities is found to be > 100 A. At
this large interaction distance energy transfer between
the impurities should not have occurred in our doubly
doped quenched crystals. In fact, the rate of Sn—»Mn en-
ergy transfer calculated from Dexter’s theory!” of energy
transfer, at a distance of ~100 A is found to be quite
small compared with the experimentally determined de-
cay rate of the Sn2t ions. Therefore, the observation of
tin-sensitized manganese fluorescence in our samples sug-
gests that the impurities are not randomly distributed in
the lattice but rather occur as coupled pairs of Sn?+-
Mn?+, ,A nearest-neighbor cation separation distance
(~5.6 A) in the NaCl lattice along the [100] direction
predicts a very efficient energy transfer, as it will be
shown below.

On the basis of these observations, a model which may
describe the essential features of the kinetics of Sn—Mn
energy transfer in the lattice of NaCl can be built up. In
this model, which is depicted in Fig. 5, both the
sensitizer-tin and activator-manganese ions are treated as
two energy-level systems. In particular, in order to in-
corporate observations 4 and 5 this model considers that
for coupled Sn?*-Mn?" ions the energy transfer from the
tin to the manganese ions proceeds at a rapid rate that
quenches the sensitizer luminescence completely. On the
other hand, the unpaired tin ions are, on the average, at a
distance from the manganese ions such that no energy
transfer can take place, leaving therefore the lifetime of
the donor ions unchanged. According to this situation,
the tin ions which are paired with the manganese ions do
not exhibit any fluorescence and the observed tin emis-
sion originates exclusively from the ions which are not in-
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FIG. 5. Energy-level system used to describe the kinetics of
tin-manganese energy transfer in the lattice of NaCl.

teracting with Mn?*. Moreover, the observed red emis-
sion is due to the *T,(G)—® 4, transition of Mn** which
results from excitation by energy transfer from the tin
ions forming the impurity pairs.

According to this model, the rate equations describing
the time evolution of the excited-state populations of
both isolated tin ions and Sn-Mn pairs are given by

dng
dt =Wno; —PsiNg »
dng
P _
at =wny, —Kng, , (1
dn,
dt =Knsp —Bang »

where ng; and ng, are the populations of the excited states
of the Sn ion when it is in the isolated and in the coupled
form, respectively, ny; and ng, are the corresponding
populations for the ground state, n, is the concentration
of the excited state of the manganese ions forming the im-
purity pairs, B; and B, are the fluorescence decay rates of
the isolated tin and coupled manganese ions, K is the rate
of energy transfer, and w is the absorption probability
which has been assumed to be the same for both isolated
and coupled tin ions. Direct excitation of Mn2* has been
considered to be negligible in view of the forbidden na-
ture of the d —d absorption transitions.

Taking into account that the isolated pair transfer rate
is time independent,'® solutions to the rate equations can
be obtained under the assumption of a §-function excita-
tion pulse:

nsi(t) ng O)CXp Bsrt)

—Kn,(0)
E—_[GXP —Kt)+exp(—pB,t)] .

Now, the intensity of the activator ions reaches a max-
imum value after pulse excitation of the donor ions at a
time ¢, given by

1

- . 3
s = () MK /) (3)

()
ng(t)=

From Eq. (3) and our experimentally determined data,
i€, fmax<25 ns and B,=54 s~!, the rate of
Sn?* >Mn?* energy transfer was estimated to be
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>3x10%s7!at 300 K.

Considering the forbidden nature of the 3d —3d Mn2*
absorptions, it is expected that the Sn—Mn energy-
transfer mechanism which takes place between these two
impurity ions in NaCl is either of the electric dipole
quadrupole type or exchange in nature. According to
Dexter’s theory,17 the transfer rate for the electric
dipole-quadrupole interaction is given by

404

DQ=__ﬁ__f_(

4 arnisf,

AE)F,(E)
Q,,fdeE , @

R

sa

where 70 and A are the intrinsic lifetime (in the absence
of energy transfer) and the wavelength position of the
sensitizer’s emission, R, is the interaction distance be-
tween the ions involved in the transfer, Q, is the integrat-
ed absorbance of the acceptor ion, E is the energy in-
volved in the transfer, and f, and f; are the oscillator
strengths of the activator quadrupole and dipole electri-
cal transitions. The integral Q= [[f,(E)F,(E)/E*ldE
represents the spectral overlap between the normalized
shapes of the tin emission [ f;(E)] and manganese absorp-
tion [F,(E)]. The other symbols in Eq. (4) have their
usual meaning.

Since the absorption coefficient of manganese is quite
difficult to measure, Q, was estimated following the pro-
cedure described previously;4 the result being
Q,=4.8X10"2 eV cm? The overlap integral was calcu-
lated using the room-temperature tin emission and the
manganese absorption spectra portrayed in Fig. 4. The
normalized line-shape functions for the Sn emission and
Mn absorption in the overlap region are shown in the in-
set of the same figure. The value of Q was found to be
3.4X107%eV2,

Now, using the fluorescence decay data for the tin
emission and the values for @, and  mentioned above,
the critical interaction distance R defined as the distance
at which w297%=1 can be estlmated from Eq. (4); the re-
sult being ~ 10 A at 300 K. On the other hand, since the
exact nature of the Sn-Mn pair cannot be inferred from
our experimentally determined data, the rate of energy
transfer via a dipole-quadrupole interaction mechanism
was calculated using different configurations for the Sn-
Mn dimer complex such as those given in Fig. 6. Defect
and binding energies for these types of dimers have been
calculated for different kinds of doubly valent impurity
jons in the alkali halides by Bannon et al.'® using comput-
er simulation techniques based on generalized Mott and
Littleton methods. The obtained values for w29 for each
of the considered dimer complexes are given in Table I.
In the same Table, the rate of energy transfer calculated
from the use of an electric dipole-dipole interaction
mechanism is also included for the sake of comparison.
As expected, more reasonable values are obtained when a
dipole-quadrupole interaction mechanism is employed
rather than an electric dipole-dipole one. Moreover, the
closer agreement between the calculated values for wb?
and that estimated experimentally is achieved when the
[100] dimer configuration (D,) is employed to perform
the calculations. The calculated value, however, is still
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FIG. 6. Possible configurations for the Sn-Mn dimer complex
in the lattice of NaCl which were considered in order to calcu-
late the rate of energy transfer via multipolar or exchange in-
teraction mechanisms.

smaller than that estimated from our experimental data.
This fact may suggest that an exchange (superexchange)
interaction mechanism is probably the responsible for the
energy transfer from the tin to the manganese ions form-
ing the impurity pairs. Such interaction can lead to
energy-transfer rates much higher than those predicted
from Eq. (4). In fact, magnetic studies have shown® that
exchange between cations can be relatively strong for
180° interactions involving one p orbital of an anion in-
termediary, as it occurs in the D, dimer configuration.

Unfortunately, neither the probability for energy
transfer nor the critical interaction distance can be calcu-
lated precisely for an exchange interaction mechanism
since both quantities are strongly dependent on the
wave-function overlap integral of the sensitizer and ac-
tivator electrons involved in the interaction. This makes
it important to use accurate expressions for the wave
functions which are not known. However, a rough es-
timation of the magnitude of this interaction can be ob-
tained from the expression derived by Dornauf and
Heber?! for the transfer probability in the case of su-
perexchange

se __
sa

c!"‘

w exp[’y(RO_Rsa)] ’ (5)

T

“

where 70, R, and R,, have the same meaning as above

TABLE I. Theoretical calculated values for the rate of ener-
gy transfer from tin to manganese ions in NaCl at 300 K using
the dimer configurations show in Fig. 6.

Dimer Sensitizer-activator Energy-transfer rate
configuration distance wpDp wpe
(A) (s (s

D, 5.6 8.0x 10* 0.5x 108

D,,D, 79 1.0x 10* 3.1x10°

D, 6.8 2.4x10* 9.8 10°
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and y is the exchange constant. According to Dexter!” y
is equal to 2/L where L is an “effective average Bohr ra-
dius” for the excited and unexcited states of the complex
involved. Using the D, dimer configuration, a value for
R, similar to that found for the dipole-quadrupole in-
teraction mechanism and a typical value for the “effective
Bohr radius” of 1.3 A which is about half the
manganese-chlorine separation distance in this dimer
configuration, a rate of 0.3 X 10° s~ ! is obtained. If we
juxtapose this result to the w29 calculated above, we may
conclude that Sn—Mn energy transfer via a superex-
change interaction mechanism appears to have a higher
probability than Sn—Mn energy transfer via a multipo-
lar interaction mechanism. Unfortunately an estimation
for the rate of energy transfer via an exchange mecha-
nism is not simple for the case in which the impurities are
forming the other dimer configurations as those shown in
Fig. 6. However, the large distances between doner and
acceptor ions, as well as their locations in these com-
plexes appear to be unappropriated for the occurrence of
this type of interaction.

Although it is recognized that these type of calcula-
tions are phenomenological, they may suggest that the
possible nature of the Sn-Mn complex could be that of
the D, dimer. They also indicate that the experimental
data can only be plausibly explained if a short-range in-
teraction mechanism of energy transfer is active between
the tin and manganese ions forming the impurity pairs in
the lattice of NaCl.

Let us now consider the model predictions for the rela-
tive integrated fluorescence intensities of the isolated tin
and coupled manganese ions. Equations (1) can be easily
solved for continuous excitation to give the steady-state
populations: n;=wng, /B; and n, =wn, /B,. Since the
fluorescence intensity of a specific level is equal to the
product of the population and the radiative decay rate
(B") of the level, the ratio for the emission intensities of
the activator manganese ions (I,) and the isolated tin
ions (I;), in the limit of weak pumping where ny; =N
and ng, =N, is given by

1, /1 =[(B; /B, )Ny 1/[(Bs; /B )N ] (6)

where N; and N, are the total concentrations of isolated
and coupled tin ions.

The ratio for the number of tin ions which are paired
with the manganese ions (N,,) and the total concentra-
tion of tin (N, =N, + N, ) in the crystal can be obtained
from Eq. (6) after some minor manipulations:

Nsp Ia( _:i/Bsi)

Ny~ I,1B, /By +(I, /1,08, /By

(7

Considering that the radiative decay rates are equal to
the inverse of the low-temperature (11 K) lifetime values
(B =3.4x10%s7'; B, =27 s7"), N, /N, is found to be
~0.05 when our experimentally determined room-
temperature data, i.e., B;=4.3X 10° s~!, B, =54 s~
and I, /I;=0.3 are employed in Eq. (7). Thus, about 5%
of the total concentration of the Sn>* ions in our doubly
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doped quenched crystals are paired with the manganese
ions.

It is important to mention that previous data?’ on
KCIL:Sn?™* revealed that the lifetime of the tin emission in
this crystal increases by about an order of magnitude
when the sample temperature was lowered from 11 to 4
K. If a similar increase in the tin-emission lifetime
occurs in NaCl when the sample temperature is de-
creased from 11 to 4 K, then the calculated value for the
radiative rate of the tin emission will be ~ 10> rather than
~10*. When this lower value for P§, is used in Eq. (7), it
is found that N, /N, =5X 1073, Since we are not able to
lower the sample temperature below 11 K and determine
whether or not an increase in the lifetime of the tin emis-
sion also occurs in NaCl, it might be possible that the cal-
culated percentage of paired tin ions from Eq. (7) could
be smaller.

At this point, it should be pointed out that in our pre-
vious works** dealing with the energy transfer from eu-
ropium to manganese ions in NaCl and NaBr, the num-
ber of europium ions which was paired with the man-
ganese ions was estimated to be over 90% in both cases.
This percentage is overestimated since it was obtained
from the use of a quite simplified procedure which is not
correct in order to describe the whole essential features of
the isolated and the impurity pair system. In fact, if the
kinetics of Eu—Mn energy transfer in these crystals are
treated with a model similar to that depicted in Fig. §,
then the percentage of europium ions which are associat-
ed with manganese is calculated from our experimentally
determined data to be ~ 35, 27, and 0.2 in NaCl, NaBr,
and KCl, respectively. Although, these percentages are
much smaller than those estimated previously, they still
point out to the strong tendency of the Eu** and Mn?+
ions to form close pairs in the sodium halide lattices.
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A comparison of the data obtained in the systems
NaCl:Eu,Mn and NaCl:Sn,Mn shows that in both crys-
tals impurity pairs are formed. However, the Eu-Mn
pairs are more numerous than the Sn-Mn pairs. This re-
sult is in agreement with the ionic radius criterion. In
fact, the average radius (0.96 A) of the Eu** and Mn?*
ions is more similar to that of the host cation sodium ions
(0.99 A) that they substitute than that of the Sn’* and
Mn?* ions (0.87 A). Therefore, according to this cri-
terion, the formation of Eu-Mn pairs will be more favor-
able than that of Sn-Mn in the lattice of NaCl.

Finally, experiments are now in progress in order to
determine if Sn-Mn pairs are also formed in the slightly
doped quenched crystals of KCl. This determination
might be a significant one in order to test even more the
validity of the ionic radius criterion to predict pairing be-
tween two doubly valent impurity ions in an alkali halide
host. It will be also very interesting to determine wheth-
er or not this criterion is appropriate to predict pairing
between a monovalent and a doubly valent impurity ion
in the alkali halides.
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