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The dependence of the emission of KI:Sn?* on crystal temperature and excitation wavelength is described,
including the emergence of a new band (R) which peaks at 1.89 eV. The temperature dependence of the decay
times and the effect of a magnetic field on the decay times is described for all three emission bands of KI:Sn?* (4.,
Ar,, and R). The results are interpreted in terms of a model that requires the electron-lattice interaction (Jahn-Teller
effect) to be much stronger than the spin-orbit coupling, while a nearby cation vacancy supplies an additional, weak
electrostatic perturbation. Evidence is presented that indicates that the new R emission band arises from Sn**

dimers oriented along the {110} direction.

I. INTRODUCTION

Over the years a great deal of effort has been
devoted to the study of the light emission from
alkali halides (NaCl,KCl, etc.) activated by impur-
ities of T1*-like ions with the electronic configura-
tionns®* (Ga*, In*, T1*%, Sn®**, Pb%*, etc.).! The de-
tails of this emission depend upon the interplay
and relative magnitude of the various perturba-
tions to which the T1*-like ion is subjected in the
crystal. These include spin-orbit interaction,
electron-lattice coupling (Jahn-Teller effect),
and in the case of divalent activators (like Sn?*)
the effects of nearby charge-compensating cation
vacancies. There have been numerous studies of
Sn®* centers in alkali halides,? ™ and, from studies
of polarized luminescence and Mdssbauer effect,
Zazubovich and his co-workers” ! were able to
identify three types of Sn** centers in KC1 and in
KBr: isolated Sn®** substitutional ions on a cation
site (K*) and, possibly, two kinds of Sn**-cation
vacancy complexes. The two possible Sn**-cation
vacancy complexes arise from the possibility of
the cation vacancy occupying either the nearest-
neighbor (NN) cation position (v along a (110)
direction) or the next-nearest-neighbor position
(vniy along a (100) direction).

For the isolated Sn®* centers, excitation into the
A or B absorption bands results in a single emis-
sion band, A,, while for the Sn®*-vacancy com-
plexes such excitation leads to two overlapping
emission bands separated by about 0.2 eV. The
two emission bands of the Sn®**-vacancy complex
will be referred to hereafter as A, and Ap,, in
order of increasing energy. Two important in-
sights into the nature of the relaxed excited states
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from which the emission arises have been gained
from polarization studies**"™®: (1) the vacancy effect
is small compared to the spin-orbit (SO) and Jahn-
Teller (JT) interactions and (2) the electron-
lattice (or JT) coupling is to the E, vibrational
modes of the lattice. However, profound disagree-
ment persists regarding the relative importance
(magnitude) of the SO and JT interactions. Fukuda*
has adopted a model based on SO> JT while Hizh-
nyakov and Zazubovich® have proposed the re-
verse: JT>SO. A better understanding of the
relaxed excited state (RES) of Sn?* centers re-
quires further study of the emission. In this

paper we present the results of studies of the de-
pendence of the emission from KI:Sn** on tempera-
ture and excitation energy and of the decay kinetics
of that emission as a function of both temperature
and external magnetic field. Our results strongly
support a model based on JT > SO for the RES of
Sn** centers in KI.

II. EXPERIMENTAL
A. Emission spectra

Crystals of KI:Sn®* grown by the Stockbarger
method at the University of Western Ontario (UWOQ)
had an absorption spectrum in the C- and D-band
regions that differed significantly from that of two
crystals kindly supplied by Professor A. Fukuda
and Dr. P. H. Yuster, respectively. The presence
of cation impurities in the UWO crystals was
suspected, but neutron activation analysis revealed
Br~ to be the only significant impurity. All three
crystals showed similar emission spectra following
A-band excitation. However, all the data to be
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described in Secs. III and IV were obtained using
cleaves cut from the crystal given to us by Pro-
fessor Fukuda, so that valid comparisons could
be made with the data in Refs. 4, 5, and 6. The
cleaves, about 3 mm in thickness (quenched from
650°C to room temperature) were mounted in an
Oxford Instruments cryostat and irradiated with
light from an Oriel 1000-W Xe-Hg arc lamp which
had been passed through a NiSo, +Co0SO, solution
and a Jarrell-Ash 0.25-m monochromator. The
radiation emitted at right angles to the incident
beam was focused on the entrance slit of a 0.5-m
Heath monochromator equipped with a GCA/
McPherson programmable filter assembly and de-
tected by a GaAs photomultiplier. The emission
was measured with a photon-counting system
employing a PAR/SSR 1110 digital synchronous
computer. The wavelength of the Heath mono-
chromator was varied by an automatic stepwise
scanner, and the primary data, consisting of the
number of counts at each wavelength, were passed
to a DEC PDP-10 time-shared computer. The
system was calibrated using a quartz-iodine stan-
dard lamp with an MgO reflector in place of the
crystal, and all emission spectra were corrected
for the dependence of the sensitivity of the system
on wavelength. The emission spectra are plotted
as emission line shape versus photon energy (Zv),
where emission line shape is the relative inten-
sity of the emission divided by (kv)3.

B. Decay-time measurements

The samples of KI:Sn?>* (quenched as for emission
measurements) were mounted in an Oxford Instru-
ments horizontal-bore superconducting magnet
which produced fields of up to 5 T. The tempera-
ture of the crystal could be varied down to ~3 K.
Luminescence was excited using the radiation from
a Carver Corporation Model N300 pulsed nitro-
gen-laser (A =337.1 nm, pulse energy 50 uJ,
pulse duration< 15 nsec) filtered through three
Corning 7-54 uv band-pass filters. The lumines-
cence was passed through an interference filter
centered on a wavelength of 650, 550, or 500 nm
and with a 10-nm bandwidth and then through a
Corning 0-52 uv cutoff filter and finally focused
on an EMI 9558QB photomultiplier. The photo-
multiplier output was amplified by a preamplifier
with a rise time of less than 10 nsec and then re-
corded using a Biomation 805 transient recorder
with a minimum channel width of 200 nsec.

III. EMISSION SPECTRA

The line shape of the emission from KI:Sn?* ex-
cited at 330 nm (3.757 eV) at 13.5 K is shown in
Fig. 1(a). The emission consists of the previously

reported’ A-band doublet A, and A, and a
smaller band, which we call R (for red), peaking
at 1.86 eV. The spectrum resolves well into
three overlapping Gaussian bands. With increasing
temperature [Figs. 1(b), 1(c), and 1(d)] the bands
broaden and the intensity of the R band decreases
relative to the Ay, Ay, bands. The relative inten-
sity of the Ay, and Ay, components probably does
not change much with T up to 90 K, above which
temperature the R band is indistinguishable and
the A, and Ay, components cannot be resolved
satisfactorily. The temperature dependence of
the zeroth, first, and second moments is shown
in Fig. 2 over the ranges for which the resolution
could be considered satisfactory. The anomaly at
~55 K in the zeroth and first moments is probably
due rather to errors in the deconvolution process
than to any unusual physical phenomenon. The
first moments are sensibly independent of T and
yield band positions, extrapolated to 0 K, of
M,(R)=1.890 eV, M,(Ap)=2.214 eV, M,(Ap,)
=2.395 eV, respectively.

The emission spectrum in the Ap,-, Ap,-band
region at 14 K depends critically on excited wave-
length A, as shown in Figs. 3 and 1(a). For 2,
=310 nm, which lies just in the long-wavelength
tail of the C band (see Fig. 4) where it overlaps
the B band, the A, band is the most prominent
emission, the R band is completely absent. At

. =320 nm (still in the B absorption band) the R
band begins to appear and the A, A, peaks are
of almost equal intensity. At A, =325 nm, the A,
peak is the more prominent and the R band well
established [Fig. 3(b)]. At ), =330 nm, which cor-
responds to the low-energy side of the B absorp-
tion band, the R band is most intense (as confirmed
by its excitation spectrum!!) and A,, exceeds Ay,
in intensity [Fig. 1(a)]. As 2, is further increased,
the R emission decreases and Ay, increases at the
expense of Ay, up to A, =350 nm (the minimum in
the A absorption band) after which A, increases
again at the expense of A,,. Figures 3(c) and 3(d)
show the spectra for A, =345 and 355 nm, respec-
tively. It should be noted that the normalized
spectra for A,=355, 365, and 370 nm are super-
imposable and all show a very weak component
at 2.73 eV. The origin of this emission band is
not yet understood and will not be discussed in
this paper.

From these rather complex results we may con-
clude the following.

(i) Both A, and A, emission bands can be ex-
cited within the A, B, or C absorption band. In
particular, absorption into the low-energy side of
the A band favors the low-energy emission Ay,
while for absorption into the high-energy side of
the A band the reverse is true.
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FIG. 1. Emission line shape as a function of photon energy for KI:Sn?* excited at 330 nm. (a) T=13.5, (b) 29.6, (c)
59.7, and (d) 89 K.
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(ii) The excitation of the R band is quite selec-
tive and occurs most efficiently in the low-energy
side of the B band at 330 nm. It may also be ex-
cited in the D-band region, but does not appear at

all when absorption occurs in the C band.

IV. DECAY TIMES

Pulsed excitation into the A absorption band of s®

(b)

(a)

ions in alkali halides may be expected to result

in a compound, two-component decay. However,
in the case of KI:Sn**, only a single-decay time

is observed for the Ay, A;,, and R emissions.

A second, fast component may be present but may
be either too weak or too short (<1 gsec) to be
observed with our experimental arrangement. The
following discussion is based on the assumption
that the observed decay time corresponds to the
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FIG. 2. The temperature dependence of zeroth, first, and second moments of the resolved (Gaussian) Rm, A 71@s
and A ;O bands.
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FIG. 3. The dependence of the emission from KI:Sn®* on excitation wavelength (a) A ,=310, (b) 325, (c) 345, (d)
355 nm. '

slow component and that the fast component, if
present, is not detected. T(K)

The temperature dependence of the (slow) decay- 215 10 7 5 4 35
time constant, 7, for Ay, Ay,, and R is shown in

Fig. 5. The decay times for both A, and Ay, i e °
‘were equal within our experimental error (~5%). o
The decay times of all three emission bands (A, moﬁ o
Ar,, and R) were temperature dependent with F i

Int o< T~ at high temperatures, but leveled off to
a constant, limiting value at sufficiently low tem-

peratures (see Fig. 5). é‘
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FIG. 6. The magnetic field dependence of the emission
decay time of the R band (at ~3.3 K), (a) H|| (100), ()
H|| (111). Open circles, fast component (right-hand
scale); filled circles, slow component (left-hand scale).

decay times was measured at 7=3.3 K. The ap-
plication of a magnetic field dramatically reduced
all three luminescence decay times, as previously
reported for the Ap, and A,, emissions.® The
magnetic field dependence, like the temperature
dependence, was the same for both A, and A,,
emission decay times within our experimental
error, although Fukuda and Yuster® reported a
small difference (<5%). With the field applied
parallel to a (001) direction, both A, and A,
emissions showed a compound (two-component)
decay: one of the two decay-time constants being
field independent and equal to the decay time mea-
sured at zero field; the other time constant de-
pending strongly on the magnitude of the applied
field and decreasing with increasing field. With
the magnetic field applied along a (111) direction,
only a single-component (field-dependent) decay
was observed for both A, and A, emissions.
However, in the case of the R band, both (001)
and (111) field orientations gave rise to two-
component decays, both components of which were
field dependent as shown in Fig. 6.

V. DISCUSSION

For purposes of convenience and clarity the
following discussion is divided into three sections.
In the first section we shall discuss the relative
magnitudes of SO and JT in the relaxed excited
states A, and A,, of the Sn**-vacancy complex.
We then show that the presence of a nearby cation

vacancy leads to two different energy-level
schemes for the RES in the two extremes of
SO<JT and SO>JT. Comparison with the kinetics
of the luminescence decay shows that SO< JT for
KI:Sn**. The second part is a discussion of the
possible origins of the R emission. In the final
section we give an analysis of the kinetics of the
decay times and its dependence on an applied mag-
netic field. From this point we shall see that the
R band is probably due to Sn** dimers oriented
along (110) crystal directions.

A. Effect of SO and JT coupling on the RES
of Sn?*-vacancy complexes

From published polarization studies?®® it is
clear that the JT coupling to the E, modes is
strong and that the vacancy effect may be treated
as a perturbation relative to both SO and JT. We
consider here the two extreme cases for which
calculations can easily be carried out:

(1) vacancy effect, JT< SO, and
(2) vacancy effect, SO <<JT.

In the following treatment we consider only linear
JT coupling to E, modes.

1. Vacancy effect, JT << SO

Consider first an isolated Sn?* ion in a site of
O, symmetry. The left-hand side of Fig. 7 shows
the unrelaxed excited states of the excited con-
figuration (ns)(p) which are the triplet spin states
ALCPy), T.,(P,), E,+T,,(P,), and the singlet
spin state T,,(*P,), where the free-ion terms are
included in parentheses. In terms of this diagram
(Fig. 7, left side) the characteristic A, B, and C
absorption bands for T1*-like ions (see for ex-
ample Fowler?) are

A (1Sy) = T, (*P)): C band, electric dipole
allowed.

A (*Sy)~ T,,CP,): Aband, spin forbidden but
allowed through SO coupling.

A (*Sy) = E, +T,,(°P,): Bband, both electric di-
pole and spin forbidden but allowed by the combined
effect of SO and electron-lattice coupling.

The basis functions for the triplet states A,, and
T,, (hereafter, since we are only discussing the
triplet states we shall drop the free-ion notation)

are
| ALY =Xx+Yy+22)/V3 ,

|Tlu,x> =(YZ - Zy)/\[i )
[Ty =(Zx = X2)/V2 , 1

[Ty =(Xy = Yx)/V2,
where (X, 7Y, Z) and (x,y, z) are, respectively,
sets of orbital and spin functions spanning the
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FIG. 7. The energy-level scheme for the °T,, RES of KI:Sn%* for JT <« SO. Left side: unrelaxed excited states; cen-
ter: relaxed excited state after coupling to E, modes; right side: effect of perturbing cation vacancy in NNN position,

assuming well-localized p orbitals.

T,, irreducible representation (of O,). The states
defined in Eq. (1) above are appropriate, as a
first approximation, for the relaxed excited states
when JT « SO. Now consider the effect of the JT
coupling (as a perturbation) on these states:

|A,,) is unaffected.

|T,, states: JT coupling to the E, modes leads
to three equivalent tetragonal distortions and the
system may be stabilized in any one of the T,
states (see center portion of Fig. 7).

Now consider the perturbing effect on this
scheme of a charge-compensating cation vacancy.
Such a defect carries an effective negative charge
and so, if the p orbitals of the Sn** ion are well
localized, a vacancy in the NNN position (along
[100]) will decrease the energy of the T,, , state
by an amount A, with respect to the T,, , and
T . States (see right-hand side of Fig. 7). Under
the same circumstances a vacancy in the NN
cation site along [011] will raise the energy of the
T, State relative to the other two states. The
level scheme is therefore similar to that illustra-
ted in Fig. 7 but with the opposite sign for A,.
Whether the cation vacancy is in one of the six
equivalent NNN sites or in one of the 12 equivalent
NN sites, the result is that one of the T,, states
will be higher or lower in energy than the other
two. This accounts for the observed double emis-
sion, Ay, and Ay,; the magnitude of the cation-
vacancy perturbation, A,, may be found from the
splitting between A, and A;, which is 0.18 eV in
KI: Sn?*.

Finally, we consider the kinetics of the lumines-

cence decay from these relaxed excited states. As
can be seen in Fig. 7, the nonradiative A,, state
lies beneath the T,, states, which are radiative
due to SO mixing with the singlet state. However,
mixing with T,, and/or E, +T,, by electron-lattice
coupling!® or hyperfine interaction,® for example,
can allow radiative decay from A,,. Whatever the
mixing mechanism, A,, is metastable relative to
T,,. Since these states are interconnected by non-
radiative transitions (spin-lattice relaxation pro-
cesses), the kinetics of the luminescence decay
following pulsed excitation into the A band will be
characterized by the energy separation D between
A,, and T,, (this will be treated in more detail
below). Therefore, if SO> JT, one should expect
different behavior for the kinetics of the lumines-
cence decay of Ay, and A,, since the energy sepa-
ration D, between the radiative (T,,) levels and
the metastable trap level (4,,) differs by an amount
A,=0.18 eV for these two emission bands (see
Fig. 7). This, however, was not borne out by the
results of the decay-time measurements which
showed the same temperature dependence for both
Ap, and Ay, within our experimental error (~5%)
as shown in Fig. 5.

2. Vacancy, SO <<JT

Again we use a perturbation approach and, at
first, neglect spin by considering the JT effect
on an orbital triplet (X, Y, Z) in O, symmetry.'’
This induces tetragonal distortions of the octahe-
dral configuration. A [100] JT distortion lowers
the energy of the X state by an amount E;; and
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raises the energy of the Y and Z states by 2E 1
[see Fig. 8(a)]. Analogous results hold true for
JT distortions along [010] or [001] axes. Each of
the relaxed excited states X, Y, Z has a threefold
degeneracy in spin which is partially lifted by SO
coupling in second order (the first-order SO per-
turbation being zero). In the limit of static JT
effect, this results in a fine-structure separation

D given by’

D =£/12E ;1 ,
where £ is the SO coupling constant for a p elec-
tron. Figure 9 shows the connection between the
triplet state before relaxation (absorption) and
after relaxation (emission). Note that the Xx, Yy,
and Zz states are the lowest states in the JT wells
and since (Xx +Yy + Zz) transforms as the A4,
representation these states are metastable.

The effect of a vacancy in the NNN position is
shown in Fig. 8(b). (A similar calculation can be
made for a vacancy in the NN position.) If the p

@)

orbitals of the Sn** ion are well localized, a cation
vacancy along the [100] direction will raise the
energy of X and decrease the energy of Y and Z,
the total splitting between the X and Y states being

J T axis ||
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FIG. 9. Connection between the triplet state before
relaxation (absorption) and after relaxation (emission)

when JT > SO.



A [Fig. 8(b)]. Two types of relaxed NNN Sn?*
centers are possible:

(i) orthorhombic centers, in which the JT dis-
tortion is perpendicular to the direction of the
vacancy (as just described) and

(ii) tetragonal centers, in which the JT dis-
tortion is parallel to the vacancy direction.

As shown in Fig. 8(b) the orthorhombic centers
are responsible for the low-energy emission (Ay,)
while the tetragonal centers are responsible for
the high-energy emission (A;,), provided the
vacancy is indeed the NNN position along one of
the cubic axes.

The second-order spin-orbit coupling perturba-
tion for NNN centers is also shown in Fig. 8(b).
The resulting fine structure of these centers is

orthorhombic (4,):

D,=D(1-¢), E=eD,

3
tetragonal (Ag,): )

D, =D(1+2¢),
where € =A/6 E;; and D is given above by Eq. (2).
Should the vacancy be in the NN position then the
level schemes for A,, and A,, in Fig. 8(b) are
interchanged. Since the emission shows only two
overlapping bands we may conclude either that
only one kind of center is present (NNN or NN)
or that the magnitude of the cation-vacancy per-
turbation A is not very different for the two cases.
Thus the splitting due to the vacancy A is given
approximately by the separation between A, and
A, emissions which is 0.18 eV in KI:Sn**." E;
may be estimated from half the Stokes shift, which
is 1.25 eV. Consequently €= 0.05. This means
that the difference in the fine structure of the A,
and Ay, RES is too small to be detected in our
measurements of decay times, in complete agree-
ment with our results. We therefore conclude that
the JT perturbation is much larger than the spin-
orbit coupling in Sn** dissolved in KI. It should
be noted that this conclusion holds true whether
we have only NN, only NNN, or both complexes,
since the two kinds of complexes cannot be dis-
tinguished from decay-time measurements.

B. Origin of the R band

The second model described in A agrees satis-
factorily with all the available experimental in-
formation concerning the green emission doublet
but does not account for the appearance of the red
emission. Four possible models for the emitting
state responsible for the R band come to mind:
(i) a relaxed exciton, (ii) a second type of RES
which coexists with the RES A, A, discussed
above, (iii) the RES of cubic isolated Sn** centers
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(with no nearby vacancy), and (iv) Sn®** dimers,
that is, two Sn®**-cation vacancy complexes in
close association. These four models are dis-
cussed successively below.

(i) Although it was the excitation of the R emis-
sion in the D-band region that first caused us to
consider an exciton model this should be ruled out
because the peak in the excitation spectrum of the
R emission occurs at 330 nm which is well below
the excitonic absorption band.

(ii) T1*-like ions quite commonly display two
types of RES (usually called A, and A, in order of
increasing energy) which are attainable by excita-
tion into the A absorption band (see Fukuda! and
also Refs. 18 and 19). The R emission occurs in
the correct spectral region for it to be identified
with an A, type of RES. However, this cannot be
the case as it is not excited by absorption into the
A band.*?

(iii) Optical studies of isolated Sn®** centers in
KBr and KC1 have been made by Zazubovich.” He
found that (a) the A, emission related to isolated
Sn®* centers does occur on the low-energy side of
the A, and A, emissions from Sn?*-cation vacancy
complexes and (b) the excitation spectrum of Ap
is shifted to lower energy relative to that of A,
and A,,. If this were also true for KI:Sn**, emis-
sion from isolated Sn** centers should be ob-
served by exciting below the A absorption band
which peaks at 345 nm (see Fig. 4). Actually we
found that the R band is not excited below A-band
but at higher energies, and so we ruled out the
isolated Sn**-center model for the R emission.

(iv) Finally, we consider the hypothesis that the
R band is due to emission from Sn** dimer cen-
ters. There is evidence in favor of this model in
the observation that in KBr:Sn?* (which also shows
a very similar R band) the R band is almost absent
in freshly quenched specimens but over the course
of a few days at room temperature, the Ay, A,
intensity decreases and that of the R band at first
increases and then remains constant. These ob-
servations are consistent with the growth of
dimers from Sn?*-cation vacancy complexes and
the attainment of a steady state in.which the con-
tinued formation of dimers matches their aggre-
gation to larger clusters.?’ Similarly, the R band
is absent, or very weak, in freshly quenched
KI:Sn** but forms on annealing at room tempera-
ture over a period of days.

C. Kinetics of the emission decay

We consider first the kinetics of the lumines-
cence decay of the A, and A, bands. Since A,
and Ar, exhibit the same Kinetics, we feel justified
in neglecting the vacancy effect in the following
discussion, and use the model shown in Fig. 8(b).
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As a result of the level structure [Fig. 8(b)] and
the selection rules described above, pulsed exci-
tation into the A absorption band should result in
a two-component decay.?’"?® In many cases of

ns® ions in alkali halides, including KI:Sn**, the
short component is too short to be readily ob-
served (<1 psec) and the following discussion per-
tains only to the slow component. Considering, for
example, the RES in the Z JT well, we define the
rate constants for radiative transitions to the
ground state A,, from the trap Zz as k, =1/7, and
from the doublet (Zx, Zy) as k, =1/7,> k,. The
rates for nonradiative transitions between the
doublet and the trap are defined as k,, (Zx, Zy

-~ Zz) and ky, (Zz~ Zx, Zy). 1f relaxation between
RES takes place by a direct one-phonon process,
then

ki =Kn, ky =K@+1), (4)

where K is a constant and 7 =[exp(D/#T) - 1]7%,

and D is the energy separation between the trap
and the doublet. It can be shown that the tempera-
ture dependence of the slow component of the decay,
T4, is described by (in order of increasing tem-
perature):

k, when k,< k;<k, (ET<D)

8k1pk,

Ttk when kb, < b, < k,

(5)

-II,_.
]

l—fé;kz when k, < ky< k=~ ky, (RT>D),

where g=g,/g, is the ratio of degeneracies (i.e.,
g =2 in the present case). In the intermediate
regime (k, < k, < k,) and at low temperatures
when kT <« D, Eq. (5) becomes

1 _ ghkyk, KR, -D
Ty kytky (K+k2> exp (kT) : ()

From the foregoing discussion, the radiative
decay time of the trap, 7,, can be obtained from
the plateau region at very low temperatures (Fig.
5). The fine structure, D, is readily determined
from the experimental temperature dependence of
the decay time in the region of temperature over
which In7, vs 1/7 is linear [Eq. (6)]. Finally, if
measurements can be made at high enough tem-
peratures (so that T > D), the radiative lifetime
of the doublet, 7,, can be determined. All these
parameters (D, 7,, and 7,) could be obtained as
described above for the Ap;, Ay, emissions and
these results are listed in Table I.

The kinetics of the R emission band are qualita-
tively the same as for the A,,, A,, emission (see
Fig. 5), thus indicating the presence of a trap
underlying a radiative level. As in the case of the

TABLE I. Parameters obtained from the temperature
dependence of the decay times of the Apy, Ay, and R
emission bands in KI: Sn**.

Emission Band D (cm™) T, (usec) T, (usec)
Apy
32.9 2800 0.7
Ay
R 17.9 680 <4

Ap and Ay, emissions the decay time of the R
band (at constant low temperature ~3.3 K) changed
dramatically under an applied magnetic field (see
Fig. 5). Thus, despite the lack of a clear model
for the R-band RES we assume it has an energy-
level structure which is qualitatively similar to
that of the A, and A,, RES, and its decay kinetics
can thus be analyzed using Egs. (5) and (6). Un-
fortunately, however, the intensity of the R emis-
sion is too low at temperatures above ~20 K to
permit the determination of 7,, the decay time of
the radiative doublet. An upper limit can be ob-
tained for 7, from the decay time measured at

20 K (6 usec), 17, =4 usec, using Eq. (5) and as-
suming that g= 2 for the R-band RES as it does for
Ay, and A ;,. The parameters for the R band re-
sulting from the foregoing analysis are included
in Table L

We now turn our attention to a discussion of
the magnetic field effect on the decay times. The
kinetics of the luminescence decay from a sys-
tem having the energy-level scheme described
above may be drastically altered by the applica-
tion of an external magnetic field as a result of
two causeg®+13:16:24.25,

(1) changes in the energy-level structure result-
ing in an alteration of the spin-lattice relaxation
rate and

(2) mixing between RES resulting in an altera-
tion of their radiative lifetimes.

Magnetic field effects of the first type can be
neglected for KI:Sn?* centers because the fine
structure D is very large ~30 em™! (see Table I)
compared to the Zeeman effect (gugH~5 cm™
assuming H=5.0 T and g=2). Magnetic field
effects of the seccnd type have already been des-
cribed for RES of T1*-1ike ions with tetragonal
and trigonal symmetry when SO« JT (see Refs.
13 and 16). Those results can be directly applied
here, since we have shown that for Sn**-vacancy
complexes SO« JT and that the vacancy effect on
fine structure is negligibly small. According to
Refs. 13 and 16, the radiative lifetime 7 of the
metastable state, e.g., Xx for the tetragonal JT
well X, when perturbed by an applied magnetic
field H can be described by
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where 7, and 7, are the radiative lifetimes of the
singlet Xx and doublet (Xy, Xz) at zero field,
respectively, g, is the component of g perpendicu-
lar to the JT axis (OX) of the emitting center,
and ¢ is an angular factor depending on the rela-
tive orientations of the field H and the symmetry
axis, OX. Let (a,B,y) be the direction cosines of
H in the coordinate axes OX, 0Y,0Z, then a=p°
+vy? for the X center. That is, only the component
of the field perpendicular to the symmetry axis
of the emitting center is effective in the mixing
of the radiative and metastable levels of the RES.
With the field applied along (111), and for a trigonal
center, there will be a field-dependent component
for only three of the four different (111) centers,
the fourth (parallel to the field) will be unaffected.
The same field orientation ((111)) will affect equal-
ly all three possible orientations of a tetragonally
((100)) distorted center. On the other hand, if the
field is applied along a (100) direction, all four
orientations of trigonal centers will be equally
affected, but only two of the three tetragonal cen-
ters.

In agreement with the foregoing discussion, the
A, emission from KI:Sn?* (both A;, and Ap,),
which is known to arise from a center having a
tetragonal distortion, was found to give a two-
component decay when the field was applied along
(100), with one of the components being indepen-
dent of the field, while a field applied along (111)
gave rise to a single, field-dependent decay time.®

As shown in Fig. 6 the R emission decay ex-
hibits two field-dependent components for both
H|[(111) and H|/(100), indicating that its symmetry
axis is not along either of these directions. There-
fore the most likely model for the R emission is
a tin dimer, oriented along a (110) direction, and
we should consider the effect of a (111) and (100)
field on a spin triplet system S=1 with axial
symmetry along a (110) direction. In this case
the two-component decay times would both be
field dependent, with the decay times given by
Eq. (7) but with the angular factor, ¢, having two
different values (a; and g,) for each field orienta-
tion. The values of the angular factor (determined
as in Ref. 13) for centers of (111), (100), and (110)
symmetry in both field orientations, (100) and
(111), are given in Table II. It should be noted that
for the (110) center in a (100) field there will be
twice as many centers having a; as a;, while with
a (111) field there will be equal numbers of centers
with g, and . Thus it is experimentally more
difficult to determine the fast field-dependent com-
ponent for a (100) field than for a (111) field. Con-

TABLE II. Values of the angular factor for H along
(111) and (100) and emitting centers with symmetry
axis along {(111), {100), and (110). In the last case the
two angular factors which drise are labeled a; and a
indicating, respectively, a fast and slow field-dependent
component.

Type of center

111 (100) (110)
H along a a as ag
3 2 1
(111 3 = 1 3
2 1
(100 3 1 1 3

versely, the best conditions for measuring 7 (H)
are with the field in the (100) direction. Using Eq.
(7), and the values of a, and a; from Table II, the
slopes of 1/7(H) vs H?, S4®  as determined from
Fig. 6, are (in S™'T™?)

\2
sy =’1"‘Lg21 (&) =(3.9+1)x10?,

371, D
g =-l-g2 55:] 2=(1 3+0.3)x10%
f Ty \'p * . ’
8)
11 2 (
ooy _2 L 2 (HB\" _ 2
s 2T2gl<D> (5.8+0.1)x10°,
g 1000 =ig2 (EA) ? =(1.4+0.4)x 108,
L 8D

The errors indicated in those slopes are indica-
tive of the difficulties described above. However,
it is comforting that the values of slopes given in
Egs. (8) all léead to the same value of g, /7, (within.
respective experimental errors). Thus, within
the experimental uncertainties, it seems that the
R emission arises from a spin triplet within a
(110) oriented RES. Using S{°? (which is the most
accurately measured slope) and the value of 7,
given in Table I, we obtain the limiting value of g,
for the RES of the R emission as g, <2.6.

VI. CONCLUSIONS

From the results described above and the pre-
ceding discussion we are led to conclude that the
Ap, and Ap, emissions from KI:Sn’* must arise
from an RES in which electron-lattice coupling
(or JT effect) is greater than the spin-orbit inter-
action. This RES is then, in turn, further per-
turbed by the electrostatic effect of a nearby
cation vacancy. The location of the cation vacancy
(NN and/or NNN) is still an open question.*+1+*
QOur model is based on the JT perturbation being
much larger than the SO coupling and includes an
axial perturbation due to a nearby cation vacancy.
The decay-time measurements confirm the result-
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ing level scheme but we cannot decide, from the
data presented here, whether the vacancy is in the
NN or the NNN position (or both) with respect to
the Sn®*. We hope that current polarization mea-
surements will help to elucidate the problem. The
new red emission, R, is most likely due to spin
triplet states of Sn** dimers oriented along (110).
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