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Measurements of steady-state intensity and lifetime were made over a range of pressures (4-60 kbar) and
temperatures (100-300°K) for five alkali-halide crystals doped with In* and T1*. The emission spectrum is
a doublet (or a triplet in the case of CsI:Tl), caused by a Jahn-Teller splitting of the excited state. The
relative intensity distribution of the spectral peaks as a function of temperature and pressure determines the
parameters for a model of two levels in “dynamic equilibrium.” The same model predicts lifetime changes
with temperature and pressure which are in excellent agreement with the data for the In*-doped compounds.
For the TI*-doped compounds, metastable states control the lifetime, and parameters are extracted from the
data for a multilevel model. Level splittings, level degeneracies, and intrinsic radiative rates are among the
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parameters determined in this study.

I. INTRODUCTION

Jahn-Teller (JT) splitting of the relaxed excited
states of heavy-metal ions in alkali halides has
been widely studied and analyzed. The contribu-
tions of Fukuda'"® and Ranfagni*-” have been espe-
cially significant. Aspects of their workareimpor-
tant for high-pressure studies have been sum-
marized by Drotning®; his discussion will not be
repeated here, except to point out that, for ex-
citation in the A band, a doublet emission is ob-
served.

The 3T, state generally splits into two levels, X
and T, with a higher-energy emission originating
from the 7 level. (However, a situation has been
found® in CsI:T1 at 25 kbar, where emission occurs
from three levels.) The metastable state *4,, is
expected to split in a similar manner, leading to a
trap level under each emitting level. Steady-state
emission is not affected by the traps, but decay
curves may be. There have been a number of de-
cay studies at atmospheric pressure.»®!! Assign-
ment of symmetry and degeneracy to the levels ap-
pears to be a matter of some dispute.'’

Drotning® made extensive measurements of the
relative emission intensities from the 7 and X le-
vels as functions of pressure at room temperature.
We have extended his studies in two ways: we
measure both intensities and lifetimes, and we
make measurements at various pressures over a
temperature range of 100-300°K. The experi-
mental techniques and methods of sample prepa-
ration are discussed elsewhere.'>!®* Host lattices
were doped with 0.01 mole% of In* or T1* impurity.
Spectral peaks were fit with symmetric Gaussians
except for peak 3 in CsI:Tl, which is skewed be-
cause of quadratic coupling.'* A typical set of low-
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temperature corrected spectra is shown in Fig. 1
(KC1:In at 31 kbar). All decay curves were single
exponential. except when traps appeared. In that
case, there is a nonequilibrium fast component of
exceedingly short lifetime: the fast component was
blocked during data taking by a time gate, and the
slow component was fit with a single-exponential
function.

Low-temperature (LT) spectral studies tell us
about the size of the JT level splitting versus pres-
sure. The ratio of peak areas is regulated by a
Boltzmann factor that depends on the splitting. In
conjunction with LT studies, lifetimes versus pres-
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Photon energy (103cm™)

FIG. 1. Spectra of KCl:In at 31 kbar for several tem-
peratures.
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sure can determine the level degeneracies and the
radiative rates of the two states. Measurements

of lifetime versus temperature provide checks on
the parameters already derived or, when there are
nonemitting levels, determine trap depths. Hydro-
static pressure studies (to 10 kbar) of KBr:In and
KI:In have been performed: Fukuda® measured LT
spectra and Niilisk'® measured lifetimes in general
agreement with our results

II. ANALYSIS

Drotning found that the most striking effect of
pressure is a redistribution of intensity within the
JT-split—emissiondoublet. Aspressureincreases,
the high-energy T peak invariably gains intensity
at the expense of the low-energy X peak. Identical
behavior is seen in the face-centered-cubic (fcc)
and simple cubic (sc) phases of alkali halides, so
that no distinction will be made between phases
here. (Drotning used primes to denote the sc
phase.)

Some of Drotning’s data are reproduced in Fig.
2. Here the fraction of total doublet emission in
the low-energy X peak (to be referred to as %X) is
plotted as a function of pressure. The intensity of
peak X drops as peak T grows in, for all the in-
dium-doped potassium halides (except fcc KCl:In),
in both phases. (Potassium halides undergo a phase
transition from the fcc to the sc structure at a
pressure of about 20 kbar.) The curves in Fig. 2
are calculated from a model to be presented in this
paper; the curves, derived from independent data,
are in good agreement with Drotning’s data points.

With the introduction of low-temperature and
transient high-pressure measurements, a new the-
ory is proposed that best describes all sets of
data, including Drotning’s.®? It will be called the
“dynamic equilibrium” model (in quotes because an
excited system cannot be in true equilibrium). It is
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FIG. 2. Fraction of emission in low-energy peak of
indium-doped potassium halides at room temperature
vs pressure. Drotning’s points and curves calculated
from independent data presented here.
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FIG. 3. Lifetime change with pressure for KCl:In at
room temperature.

assumed that rearrangement of excitation among
the levels is much faster than deexcitation.

For the In*-doped potassium halides (KH:In), a
two-level model is sufficient to describe the data.
Consideration of nonradiative deexcitation, non-
emitting levels (traps), and three-peak phosphors
will be deferred until Sec. IV. In general, the two
levels may have different intrinsic radiative life-
times and degeneracies. However, for two levels
in “dynamic equilibrium,” both emission peaks
must have identical, single-exponential decay
curves. This is confirmed in Fig. 3, which is a
plot of room-temperature (RT) lifetime versus
pressure for KCl:In. The open circles (measured
at peak X) and the filled circles (measured at peak
T) lie on the same curve in the sc phase. Note that
in the fcc phase, where only one peak (T) is seen,
the lifetime (which is intrinsic to the T level) is
unchanged by pressure. Fortunately, this holds
generally true in KH:In; pressure strongly affects
the size of the JT splitting and very little else.

If n is the occupation of a level, the population
ratio (n,/ny) of the two levels in “dynamic equil-
ibrium” is simply given by a Boltzmann factor in-
volving the level degeneracy g and the JT splitting
AE=E - Ey. The Boltzmann factor is denoted K,
and is given in Eq. (1). [Equations (1)-(3) are col-
lected in Table I.] K is not a constant, but a func-
tion of temperature and pressure (through AE). By
simple kinetic arguments, it is found that the decay
curve in a single exponential function, with a life-
time 7 given by Eq. (2). Here k, and k, are rad-
iative rate constants intrinsic to each level, and
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TABLE I. Equations for a two-level Jahn-Teller sys-
tem.

k n
fs . -
Ny < i.AE: E;-Ey
kB
Ky kKt
“Dynamic equilibrium”: k4, kg>ky,kp.
(kA/kB) = (HT‘/"X) = (gT/gx) exp(—AE/k T)=K. (1)
%:(kx+KkT‘-'/(1.~K), WX =1/ (L4 Kkp/ay) - @)

logg ol (1/6X) = 1} = —AE logyee (R T) ' + 10g10<§z%2') G
XX

k3t =74. The intrinsic rates ky and k&, were found
to be constant, so the temperature and pressure
dependence of the lifetime is contained only in K.

In a similar manner, one can solve for the ratio
of steady-state peak areas. This ratio is given in
Eq. (2), expressed as the low-energy fraction %X.
Again, the temperature and pressure dependence
of %X is contained in K. Decay and steady-state
measurements are linked by Eq. (2), and therefore
one measurement can predict the cther.

In room-temperature studies, Drotning proved
that an X-dominated spectrum invariably becomes
T dominated at higher pressures (unless, say, a
phase transition intervenes). He postulated that
the 7 level was stabilizing with respect to the X
level. We retain this postulate, as shown in Fig.
4, and extend it to argue that the T level actually
drops to a lower energy than the X level at high
pressure. The evidence, which will be shown la-
ter, is that at high pressure %X drops as the tem-
perature is lowered.

It is expected from theory®’ that the relaxed ex-
cited state will have potential minima at different
values of the totally symmetric coordinate @, as
depicted in Fig. 4. Both minima are at larger vol-
ume @ than the ground state, leading to the shifts
with pressure of emission peak maxima to higher
energy seen by Drotning.'? Excitation from the
ground-well bottom is to the T level (as is known
from ultralow-temperature studies),' and emission
is from both excited wells, with peak-energy max-
ima kv, and hv,. Due to the Stokes’s shift as il-
lustrated in Fig. 4 kv, - hvy is on the order of 5000
cm™!. The T-X level splitting is minute in compar-
ison (less than 500 cm™!), so that even when the T
level is lower than the X level, the T emission is
at higher energy.

Note that AE is defined as E, - E,, which is neg-
ative at high pressure. By Eq. (1) then, K can vary
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from about zero to very large as the pres-
sure is increased. At some pressure p,,

AE=0 and the levels are no longer split.

By Eq. (1), K is g,/ and the temperature depen-
dence disappears from the equations for 7 and %X,
at this pressure. A good check of the theory and
assumptions on which it rests, is to measure 7(p,)
and %X(p,) as functions of temperature to prove
that they are constant. This was done with good
results, as will be shown.

Let us examine the limiting behavior of Eq. (2).
As pressure increases at room temperature, K can
vary from zero (at low pressure) to infinity (at high
pressure). Then at low pressure, T=7, and %$X=1,
while at high pressure, 7=7, and %X=0. Drotning
already found that %X drops from one to zero. It
will be shown that the lifetime does vary (in fact
drop) from 7, to T, as pressure rises.

The behavior of K with temperature depends on
AE. At pressures below p,, AE is positive, so K
rises with increasing temperature; then by Eq. (2),
%X drops as the temperature rises (as in Fig. 1).
At p,, K is constant with temperature, and so are
7 and %X. Above p,, AE is negative and K drops
with increasing temperature; then %X actually
rises with the temperature. This kind of limiting
behavior with temperature and pressure predicted
by the theory is seen in all the KH:In.

The assumption behind the theory are as follows:
(i) there is “dynamic equilibrium,” which is sup-
ported by decay measurements; (ii) the barrier
height between the T and X states is negligible in
our temperature range. Fukuda' claims that the
barrier generally becomes important only below
about 80°K. In KRr:In and CsI:T1, strange LT (be-
low 130°K) behavior in our data could be due to
barrier effects; (iii) the excited system consists
of just two emitting states; (iv) The splitting AE is

Low Pressure
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_

FIG. 4. Schematic diagram of Jahn-Teller—split ex-
cited state at low and high pressures.
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constant with temperature; and (v) intrinsic rad-
iative rates 2y and 2., and level degeneracies g,
and g, are constant with temperature and pressure.
These assumptions turned out to hold true for the
three indium-doped potassium halides tested. In-
direct proof lies in the fact that the model is in excel-
lent agreement withthedata. Experiments totest the
assumptions directly were also performed.

Before the data are displayed, the method of
presentation that best fits the theory must be de-
cided. The major steady-state measurement is
that of low-energy fraction %X vs temperature. Its
theoretical variation, given in Eq. (2), can be re-
arranged as in Eq. (3), where log means common
log. If the quantity on the left is plotted against
(RT)"*, a straight line of slope (- AE log,,e) and in-
tercept log,,(g#,/8x ky) should result. Such a
graph (which, like an Arrhenius plot, decomposes
the Boltzmann factor) will be called a “steady-state
plot.” If assumptions one to five are true within a
particular crystal phase, lines at different pres..
sures will meet at a common intercept, and their
slopes will increase systematically with pressure
as AE drops. When AE=0 at p,, the line is hor-
izontal.

The procedure isto take LT dataat several pres-
sures and draw a steady-state plot. Lines having
a common intercept are drawn (by eye) through the
data. The slopes show what AE is as a function of
pressure and, by interpolation, which pressure is
Do- The intercept gives the ratio of degeneracies
times the ratio of intrinsic radiative rates of T to
X. The literature is divided on the subject of de-
generacy assignments, so the g values that best fit
the lifetime data are used.

If the degeneracies are known, the intercept of
the steady-state plot gives the ratio of intrinsic
radiative lifetimes. Then one need only determine
either 7, or 7, to know the other. At RT, one can
go to very low pressure, where T7=7,, or very high
pressure, where 7=7,. If the extreme-pressure
(where emission is pure) X or T cannot be reached
at RT, it can often be reached at LT. With 2, and
k., determined, and the AE(p) known from a steady-
state plot, one can use Eq. (2) to generate curves
T(p) and 7(T) corresponding to the three most likely
degeneracy assignments (g,/g,=2, 1, or 0.5).
One of these three sets of curves will typically fit
the data much better than the other two, so that the
degeneracy assignment is obvious. Finally, a
curve %X(p) is generated from Eq. (2), and fit to
Drotning’s completely independent data as in Fig.
2. If the model predicts all four sets of data
BX(T), %X(p), T(T), and 7(p) within reasonable
accuracy, one can be confident that one has the
right set of parameters g,, gy, kp, By, and
AE(p).

1. INDIUM-DOPED POTASSIUM HALIDES

The two-level “dynamie equilibrium” model was
applied {{ollowing the proeedure just described) to
sc KCl:In, se KBr:In, and fec Ki:In, with very good
results, ¥Cl:In is probably the best example, so
application of the model to KCLIn will be fully ex-
plained, and any differences for KBr:In and KI:In
will be mentioned.

Figure 5 shows & steady- state plot of sc KCl:In.
The abscissa is (KT)"! in units eV~!. Temperature
(°’K) is given at the top of the plot. The ordinate is
log,,[(1/%X) - 1]: for reference, the values of %X
corresponding to ordinate marks will be given:
(1.2,6%), (0.8,14%), (0.4,28%), (0,50%),
(-0.4,72%), (-0.8,86%), and (-1.2,94%). Mea-
surement of %X <15% or 85%<%X is difficult be-
cause of small peaks. Therefore, the steady-state
plot can only contain data from pressures close to
Do, for which %X does not reach extreme values at
low temperatures. Because of the strong depen-
dence of AE on pressure (reflected in the swiftly
increasing slopes of Fig. 5), great care was taken
in setting the pressure.

From Fig. 5 are found the level splittings AF at
three pressures (see Table II). Splittings are on
the order of tens of millielectron volts or hundreds
of wavenumbers. The three values of AE are fit
with a line, giving an equation for the function
AE(p). The pressure p, at which AE=0 is found to
be about 38 kbar, where %X =24% (as calculated
from the intercept). From the intercept (0.5),
&17Tx/84T r is found to be 3.16. Since at high pres-
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FIG. 5. Steady-state plot of KCl:In above the phase
transition.
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TABLE II. Jahn-Teller—level splitting (AE) as a func-
tion of pressure.

Pressure AE
Compound (kbar) (meV)
KCl:In 31 35
37 3.7
40 -10.1
KBr:In 34 43
37 21.0
40 6.9
43 -5.6
KI:In 6 66
10 42
15 27.5
20 20.0
KBr:Tl 4 24.9
10 -4.4
CsI: Tl 32 38.5
37 16.1

sure 7(p) levels off to about 1 usec (see Fig. 3),
and at lower pressures the lifetime rises higher
than 3.16, it is clear that g,/g,=2. Then 7,=1
K sec and 7,=6.32 usec (see Table III). If sc
KC1:In extended below the phase transition at about
20 kbar, 7(p) would presumably level off at 6.32
usec, giving a sigmoid-type curve.
These values for ky, ky, g4, &7, and AE(p) were
inserted in Eq. (2) and the curve in Fig. 3 was gen-
erated. This curve is not a fit to the data, but a
calculation based mainly on parameters from the
steady-state plot. Discrepancies can be attributed
to some uncertainties in 2, and %, and especially
the linear approximation to AE(p). Since AE was
measured only at 31, 37, and 40 kbar, the agree-
ment between theory and experiment as low as 26
kbar and as high as 52 kbar is surprisingly good.
At several pressures for KCl:In, 7(T) was mea-
sured. Its trend was in agreement with calcu-
lations from Eq. (2). Specifically, at p,= 38 kbar
and at p =53 kbar, where the lifetime is expected
to be constant with temperature, it was constant
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FIG. 6. Lifetime change with pressure for KBr:In at
room temperature.

within 20%, confirming assumptions of the theory.

Similar sets of data were taken for KBr:In and
KI:In. In these two compounds, the X and T peaks
are found in both phases, but in only one phase is
a complete treatment of the problem possible. In
fcc KBr:In, p, is at about 4 kbar, so that emission
has almost completely converted to the T peak in
our pressure range. Steady-state and lifetime
measurements were taken to low temperatures at
4 kbar: %X(p,) was found to be constant at 30%,
and 7(p,) was constant (within 10%) at 2.37 usec.
This again supports the model, which predicts an
absence of temperature effects at p,. Emission is
completely converted to peak T by 18 kbar; 7, was
measured to be 2.0 usec at 18 kbar and to be con-
stant within 5% to low temperatures as expected.
The RT lifetime drops with pressure slightly in fcc
KBr:In, indicating that the emission is converting
to peak T and that 7,>7,. It can sketchily be de-
termined that 7,/7,=2.6+0.3 and g,/g,=1.

In sc KBr:In, the intercept parameters g,/g,

TABLE Ill. Measured Jahn-Teller parameters.

Crystal Structure logyo( grTx/gxT1) Tx (usec) 77 (usec) gx/gr Do (kbar) %X (pg)? T(po)?
KCl:In sc 0.5 6.32° 1.0 2 38 24 2.28

KBr:In sc 0.72° 4.37 0.837 1 42 16 1.40

KI:In fee 0.55 2.9 0.82% 1° >20 22 1.28

KBr: Tl fee 0.7 0.10 0.010 2¢ 9 17

Csl: Tl sc 0.87 T,/ T3=7.4 1¢ 41 %2 =12

4Calculated from Eq. (2).
®This one of the three [Ty, Ty, Or logyo(grTx/gxTr)] was calculated from the two that were measured.
®Degeneracy assignment is not certain.
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FIG. 7. Steady-state plot for KI:In below the phase
transition.

Tp, and T, are all determinable from lifetime mea-
surements (see Fig. 6). At a very high pressure
(59 kbar), 7, was found to be 0.837 psec. Low-
temperature lifetimes at 26 kbar (where %X~ 100%)
yielded a constant value of 7, =4.37+0.1 usec.
Thus T,/7,=5.22 and log,,(T,/7,;)=0.72. The inter-
cept of the steady-state plot, given by log,,(g 7/
&xTr), must be near 0.72, so it is clear that g,/g,
=1. In this case, then, direct measurements of 7,
and 7, determine the steady-state intercept. Lines
are fit to the steady-state data, giving four values
for AE(p). These are again joined by a best-fit
line for purposes of extrapolation, and a curve of
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FIG. 8. Lifetime change with pressure for Kl:In at
room temperature.

T(p) is generated from AE(p). As seen in Fig. 6,
calculation deviates from experiment by a small,
constant amount; it appears that if our value of p,
were one kbar lower, the curve would lie right on
the data!

For sc KI:In, p, is too far above 44 kbar to make
a steady-state plot. A complete study, however
was performed on fcc KI:In, despite the fact that
bo> 20 kbar (above the phase transition). The
steady-state plot is shown in Fig. 7. An intercept
of 0.55 means that g,7,/g,7,=3.55. Degeneracies
of g4/g =1 best fit the lifetime data 7(p) and 7(T),
but the improvement over other degeneracy assign-
ments was not as obvious as in KCl:In and KBr:In.
The slopes of Fig. 7 give AE(p) at four pressures;
unlike KC1:In and KBr:In, AE(p) was clearly non-
linear (see Table II). Therefore, all calculations
involving AE were done at four pressures and the
results were then joined by a smooth curve.

The curve in Fig. 8 is such a smooth curve.
Agreement with experiment is good. To calculate
T(p), either 74 or 7, had to be found. At 6 kbar
%X ~1 for low temperatures, so that 7~7,. Figure
9 shows 7(T) at 6 kbar; the lifetime appears to ap-
proach an LT limit of about 7,=2.9 psec, in
agreement with Fukada’s atmospheric pressure
value of 7,=3 usec.! This value was used with the
steady-state intercept to calculate 7,=0.82. With
all parameters known, theoretical curves were
generated for Figs. 8 and 9. Agreement with the
data in Fig. 9 (especially the independent set at 15
kbar) is quite good.

To summarize the In*-doped potassium halides,
they all are subject to the JT effect in both phases,
except for fcc KCl:In. The pressure p, at which the
JT splitting is zero rises in both phases in the se-
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FIG. 9. Lifetime change with temperature for KI:In
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TABLE IV. Lifetime at pressure p, in the two phases
of KH : In.

Phase 7(pg) (usec)
fee (>4) ~2.37 1.28
sc 2.28 1.40 «1.2
Crystal KCl:In KBr:In Ki:In

quence p,(C1) <p,(Br)<p,(I). The intrinsic lifetime
of peak X (7,) is always greater than that of peak
T (7,) by a factor of 3 to 6. Lifetimes are longer
in the fcc phase than in the sc phase, as can be
seen in Table IV.

Otherwise, the two phases give similar results.
In all cases, X emission gives way to T emission
with pressure according to the model proposed.
This is due to a stabilization of the T minimum
with pressure to the point where the T level is low-
er than the X level at high pressures. At the same
time, the measured lifetime changes rapidly from
Ty to 7, with pressure. The major difference
among the crystals is the degeneracy assignment,
where, without doubt, g,/g,=2 for sc KCl:In, but
&x/gr=1 for sc KBr:In. It is generally thought!
that the X level is doubly degenerate and the T le-
vel is nondegenerate. This would explain KCl:In.
However, recent work that split the degeneracies
with a magnetic field® insists that the X and T le-
vels are both doubly degenerate. This would ex-
plain the KBr:In result. Both schemes are theoret-
ically allowed.®

At this point, the direct evidence supporting the
assumptions within the model will be summarized.
The assumption of “dynamic equilibrium” holds at
RT for the three KH:In; this can be seen from the
equivalence of lifetimes measured at peaks X and
T in 7(p) plots. Also as the temperature is low-
ered, whichever level is more stable (X below p,,
T above p,) emits more and more of the light. (If
the barrier were important, peak T would always
rise as the temperatures fell. Barrier effects are
occasionally seen at very low temperatures.)

The two-level model works well for KH:In. The
level splitting is found to be constant with temper-
ature, giving straight lines on the steady-state
plots. Intrinsic radiative rates were found to be
constant with temperature [as 7(T) as constant in
sc KCl:In and fcc KBr:In, and 7,(T) in sc KBr:In],
and pressure [as T(p) was constant in fcc KCl:In,
NaCl:In, and sc KBr:T1, where there is no JT ef-
fect]. The constancy of 7, and 7, with temperature
was also proven in fcc KBr:In and sc KCl:In by
monitoring %X and T at p, to low temperatures.
Thus, the assumptions behind the model can be
considered proven in KH:In, and one could expect

them to hold true in other JT-split systems, such
as the T1*-doped crystals to be discussed in Sec.
IR

IV. THALLIUM-DOPED ALKALI HALIDES

It is known from the literature’»*!! that the T1*
lifetime is dominated even at RT by the metastable
%4, levels (also by the JT split) that underlie the
emitting levels. These traps had no effect on In*
lifetimes for two reasons (a) Trap depths appear to
be quite small [e.g., 2.2 meV in KI:In.} (b) Intrin-
sic In* lifetimes are slow (on the order of 1 usec],
so the temperature must be very low (e.g., 40°K
for KI:In) before detrapping and not emission is the
rate-limiting step. In contrast, T1* trap depths are
tens of millivolts and intrinsic lifetimes are on the
order of 10 nsec.

Before dealing with a JT-split emitting level
with an underlying trap or traps, let us consider
a single emitting level with a trap. If the two le-
vels are in “dynamic equilibrium,” one has a spec-
ial case of the model just described. The lifetime
is given by Eq. (2) with one of the &’s equal to zero.

However, inour case the wells cannotbe in “equi-
librium,” since the decay is not single exponen-
tial. A fast and slow component are usually seen,
even at temperatures as high as room temperature.
After excitation to the emitting level (absorption to
and emission from the metastable level are for-
bidden), some emission occurs immediately (fas-
ter than the very fast T1* intrinsic radiative rate).
This fast component is quenched (speeded up and re-
duced in intensity) by the ability of most of the ex-
citation to surmount an energy barrier and reach
the trap. Detrapping occurs slowly, at a rate de-
pendent on the ability of the excitation to surmount
a higher barrier back to the emitting level and not
be trapped again before emission. The resulting
decay curve is a sum of two exponentials called the
fast and slow components.

One can write the rate equations for this system.
They yield a differential equation like the damped
harmonic oscillator for the population of the emit-
ting level. Instead of a damped oscillation, the so-
lution is the sum of two decaying terms. To make
the problem tractable, approximations are made
for various temperature regions. At very low tem-
peratures, it is as if the trap were not there. At
very high temperature, the fast component is com-
pletely quenched, and the slow lifetime is twice the
intrinsic lifetime of the emitting level.

What temperature regime are we in? One might
guess that 100-300°K is a rather high temperature
for most processes in inorganic crystals. The fast
component typically has a much larger coefficient
than the slow component, but it is so fast that the
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slow component dominates in total area. Since
most of the emission is in the slow component, we
are in the high-temperature regime.

Support for this statement comes from measure-
ments of the amount of fast component versus tem-
perature.'” In five doped alkali-halide crystals
over our temperature range, the fast-component
intensity is governed simply by a Boltzmann factor,
where the energy in the exponent (on the order of
10-20 meV) is interpreted to be the barrier to
trapping. Such a result can be derived from the
equations only at high temperatures, where the
rate of trapping is much faster than the intrinsic
radiative rate.

Once the excitation is trapped, the system does
attain “dynamic equilibrium.” The Boltzmann fac-
tor for detrapping depends on the trap depth € (en-
ergy difference between well bottoms), not the trap
depth plus a barrier height. When the approxi-
mations appropriate for the high-temperature re-
gime are made, the slow lifetime is found to be

T=Trm(1+eE/kT)"Truee/kT? (4)

where 7 istheintrinsiclifetimeande > k7. Equa-
tion (4) is just a special case of (2). In agree-
ment with Trinkler and Plyavin,'® it is found that
an “equilibrium” situation is attained soon after the
fast component has disappeared. Their expression
for a three-level system (X, T, and trap) is cor-
rect. However, theoretically®® one expects X and
T to each have an underlying trap X0 and 70. Let
us develop a four-level model similar to the two-
level model already described. Let AE again be
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FIG. 11. Lifetime change with pressure for Kbr:Tl at
room temperature.

E,-Ey, €¢x=Ey-E,, and €,=E, - E,. Assuming
no nonradiative paths, one arrives at an equation
for the lifetime that is like Eq. (2)

gmx <‘ >

73
2z P\ET )
%y + Kk, :

1+K+8x0 ¢ <( )
T= e k) *

where K is defined as before in Eq. (1). To reduce
Eq. (5) to Trinkler’s one-trap equation, one sets
&r0=0. Since traps take no part in steady-state
emission, the expression for the peak-area ratio
is still Eq. (2).

Proof that traps do not change steady-state data
is provided by the steady-state plot of fcc KBr:Tl
in Fig. 10. It is much the same as those seen pre-
viously, although the RT lifetime of KBr:T1 is trap
dominated. From Fig. 10 we can again find g,7,/
&xTr and AE(p) (see Tables II and OI). We find that
Po=9 kbar and %X(p,)=11%.

Lifetime data, however, are quite different from
those of KH:In. Note that 7(p) rises in Fig. 11, in-
stead of falling asbefore. The lifetime increasesor-
ders of magnitude as the temperature is lowered
over our modest range, as in Fig. 12. Straight
lines on such a plot of log,,7 v8 1/kT, imply that
a single trap dominates the lifetime, which is giv-
en by Eq. (4). The slope of the line is € log, ¢ and
the intercept is 7,,,. Below room temperature, the
data in Fig. 12 do fall on lines. The problem is to
show how Eq. (5) is approximated by the simpler
Eq. (4) under certain conditions.
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FIG. 12. Lifetime change with temperature for KBr:
Tl at several pressures.

At atmospheric pressure, the trap depth in
KBr:T1 measured from plots like Fig. 12 is 36
meV,'” or 40 meV.® Then at temperatures lower
than room temperature, the trap terms dominate
Eq. (5); we see this domination throughout our
temperature range in Fig. 12. At a pressure as
high as 18 kbar, K is large so the T0 trap controls
Eq. (5). Approximating, we find

7(18 kbar) = T (g r/& 1) €Xp(€ 7/kT). (6)

Fitting a line to the points in Fig. 12, one finds a
trap depth € ;=77 meV and an intercept g,,7,/2r
=0.02 usec.

Ten kbar is nearly p,, so Eq. (5) is simplified.
Using the same value for g7 ,/g, but allowing
the trap depth to change with pressure, one finds
that € ;=69 meV and €,~49 meV. At 4 kbar, AE
is so large and positive (AE =25 meV) that the X0
trap controls Eq. (5). From the slope and intercept

1=

of a line through the LT points of Fig. 12, one finds
that €, =43 meV and g,,,7,/8,=0.05 usec. It ap-
pears that the trap depths do change with pressure,
both increasing at a rate of about 1 meV/kbar.
Thus

€,(meV)~39+p,
and (7)
€ p(meV)=59+p,

where p is measured in kbar.
If we take a ratio of the intercepts fround from
Fig. 12, we find that

&17x/&x7 r=2.5(8 70/& xo) (8)

From the steady-state plot, we know that the quan-
tity on the left in Eq. (8) is five, 50 gy/8x0=2. If
the two traps are nondegenerate, or if a one-trap
model is used, Eq. (8) leads to a factor-of-2 dis-
crepancy. This is proof that a two-trap degenerate
model must be used. Dang and Fukuda® have writ-
ten that the X level is generally doubly degenerate
with an underlying a nondegenerate trap. These
assignments fit KBr:T1 if the T level is nondegen-
erate with an underlying doubly degenerate trap.

Once the degeneracies are assigned (g,,8y,=1:
&x,8 ro=2), intrinsic lifetimes can be found: 7
=100 nsec and 7,=10 nsec. With all parameters
known (they are tabulated in Table V), curves are
generated to fit 7(T) and T(p) data, by using Eq.
(5). The agreement in Fig. 12 is excellent. All the
curves meet at 7=50 nsec, at infinite temperature.
Note that the lifetime increases with pressure at
every temperature (unlike the systems without
traps). There are two reasons for this: (i) both
traps become deeper at higher pressures; and (ii)
on conversion from X to T emission, the deep T0
trap dominates the shallower X0 trap.

Figure 11 shows a calculation of RT 7(p) with the
data. Agreement is good considering the expanded
vertical scale. Using a degeneracy assignment of
&x/gr=1 in Fig. 11 gives slightly worse agreement.
though it does not much affect Fig. 12. However,

TABLE V. Emission parameters of KBr:Tl.?
81X -5, ﬂfgﬁ’-‘-:o.os usec, 5?11=0.02 usec, T*g-m:z, £X -9, 74=100 nsec, Tp=10nsec.
X T X0

8xTr 8r
Energy Pressure (kbar)
(meV) 0 4 10 18
AE 44 .4 24.9 -4.37 —43.4
€x 39 43 49 57
€p 59 63 69 77

2Symbols for the parameters are defined in Eq. (5).
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FIG. 13. Lifetime change with pressure for CsI:Tl at
room temperature.

the trap degeneracy is certainly g, /8x,=2; any
other assignment leads to a paradox.

Besides degeneracy assignments, some of the
values in Table V are more certain than others.
Trap depths €,(4 kbar) and € (18 kbar) were mea-
sured, but their increase with pressure is given
only by the fit to 7(7) data at 10 kbar. Thus, other
trap depths are approximate. Similarly, AE was
measured at 4 and 10 kbar, and other AE values
are linear extrapolations. The main conclusion is
that a trap must underlie each level X and 7, and
that the trap under the T level is doubly degen-
erate,

Extrapolations of this study to atmospheric pres-
sure can be compared with two other experiments
on KBr:TL® ' Our intercept (g,Ty/&x) of 50 nsec
agrees with the values reported by the others [50
nsec (Ref. 9) and 67 nsec (Ref. 17)]. The extrapo-
lation for AE of 44.4 meV is to be compared with
40 meV," that for €, of 39 meV is to be compared
with"40 meV,” and 36 meV.'” The three experi-
ments are in accord.

The other T1*-doped crystal which we studied is
the CsI:T1 system. Drotning found three emitting
peaks coexisting at 24 kbar. They are labeled
(starting at lowest energy) 1, 2, and 3. At atmo-
spheric pressure, only peak1is seenatroom tem-
perature. Peak 2 grows in with pressure until at
20 kbar it is larger than peak 1. To 30 kbar, peak
2 is largest, while 1 shrinks and peak 3 rises.
Finally by 50 kbar and at higher pressure, only
peak 3 is found. CsI has the sc structure at all
pressures; there is no phase transition.

It is known from atmospheric pressure studies,'

that peak 2 grows in at lower temperatures down
to 130°K. It turns out from our measurements that
peak 2 rises as the temperature drops for every
pressure from 0 to 40 kbar. Thus level 2 is at
lowest energy throughout the pressure range stud-
ied. However, peak 2 is the largest peak only
from 20 to 30 kbar at RT, because the intrinsic
rate of emission from level 2 is much slower than
for levels 1 and 3.

Since peaks 2 and 3 are probably analogs to peaks
X and T, respectively,® let us examine them first.
Figure 10 shows a steady-state plot, where peak 2
takes the place of peak X. The situation is similar
to the preceding plots because we are at pressures
at which no emission from peak 1 is seen. One un-
usual feature is the large intercept (0.87). This
means that g,7,/g,7,="7.4. For the sake of simpli-
city, assume that all levels are nondegenerate.
Then 7, is 7.4 times slower than 7,. Levels 2 and
3 cross at p =41 kbar, where %2=12%.

The situation with lifetimes is more complicated.
One might expect data similar to that of KBr:Tl,
but from Fig. 13 it can be seen that the RT lifetime
drops with pressure instead of rising. In Fig. 14,
7(T) curves do not tend toward a common intercept,
as with KBr:T1l, though they are clearly trap dom-
inated. Note that the dashed curves in Fig. 14 de-
note smoothed curves for the eye to follow, not
calculation. It turned out that no calculations were
possible for this system.

Equation (5) for a trap-dominated lifetime can be
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TABLE VI. Parameters from linear fits to 7(7) data of
CsI: Tl

Pressure Slope/loge Intercept
(kbar) (meV) (nsec)
6 22.2 310.0
16 24.1 130
40 88.6 3.3

easily extended to the CsI:Tl case. For a general
system of n emitting levels of energy E,, each with
an underlying metastable level E,; at depth €;=E,

- E,, all in “dynamic equilibrium,” the measured
lifetime is

€
[‘2 gicc*”gcocfexl)(ﬁ)]
n
Z, &Ciky
i=1

T=

, (9)

where C,=exp(-E;/kT). Depending on the C; and
€;, one trap or another may dominate at a par-
ticular pressure, in which case log,,7(7T) is a
straight line vs 1/27T. That is the situation at 6,
16, and 40 kbar in Fig. 14. Table VI summarizes
the slopes and intercepts found by fitting lines to
the data.

At 24 and 32 kbar, one trap does not dominate the
lifetime and data for 7(7T') are curved. Looking at
the slopes in Fig. 14, there appears to be a gentle
slope (~20 meV) for low pressures and for 24 and
32 kbar at RT, giving way to a steep slope (~90
meV) for 40 kbar and for 24 and 32 kbar at Lt. The
simplest theory would then have a shallow trap
dominate the lifetime at low pressures and a deep
trap at high pressures.

If 7(T) at 6 and 16 kbar is governed by the same
trap (the slopes are the same), it is clear that an
intrinisc rate must be increasing, since the 1/kT
=0 intercept in Fig. 14 drops. Even when three
traps are considered, contradictions appear for the
following reason: from the 1/kT =0 intercept of 3.3
nsec at 40 kbar, 7, must be very fast. We know
that 7, is 7.4 times slower than 7, at high pressure.
From the 1/kT =0 intercept of 310 nsec at 6 kbar,
7, must be very slow, and from steady-state mea-
surements 7, is slower than 7,. Therefore 7, at
high pressure must be ten times faster than at low
pressure.

From Fig. 10 it appears that 7, and 7, are con-
stant above 32 kbar. At low pressure, where peak
3 vanishes, a steady-state plot was attempted, but
there was no common intercept. The intercept 7,/
T, dropped with pressure, implying [like the 7(T)
intercepts] that 7, drops with increasing pressure.
A decrease with pressure of the intrinisc lifetime
of 7, of level 2 would explain the falling 1/kT=0 in-

tercepts in Fig. 14, if the intercepts are given by
T, and the trap underlies level 2. The same rea-
soning applies to the room-temperature lifetime
(Fig. 13), which drops quickly at low pressure,
where 7, is changing, and levels off at 30 kbar,
where 7, must be constant by Fig. 10.

Thus a picture of the CsI:Tl system from 0 to 40
kbar would resemble the following: at low pres-
sure, level 3 is Very high and unpopulated; level 1
is just above level 2, which has an underlying shal-
low trap. At intermediate pressures, level 3
(which has an underlying deeper underlying trap)
has dropped and level 1 has risen to an energy
comparable with level 3. At high pressures, level
1 is very high and unpopulated, while level 3 is
just above level 2. Since the trap under 3 is much
deeper than the trap under 2, the former controls
the lifetime at high pressures. In this latter sit-
uation, levels 2 and 3 behave like levels X and T
in KBr:T1, with 7, constant. However, as the
pressure is lowered below 30 kbar, 7, rises by at
least a factor of 10.

What causes the change in 7,7 A thermal
quenching process is unlikely because according to
the equations, this would not affect the low-pres-
sure steady-state plot, which is affected. A non-
radiative drain on level 2 would have an equal ef-
fect on levels 1 and 3, because of “dynamic equi-
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FIG. 15. Comparison of experimental and calculated
values for the doublet energy separation vs pressure.
Experimental curves were measured by Drotning and
points are calculated from steady-state plots.
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librium.” That “equilibrium” applies is certainbe-
cause barrier effects and fast components are seen
only below 130°K in CsI:T1 and the RT lifetime is
the same for all peaks. The drop in 7, must simply
be due to a decrease in forbiddenness of emission
from level 2.4

V. SUMMARY

In the potassium halides doped with In*, a simple
two-1level “equilibrium” model is found to explain
the kinetics of the Jahn-Teller-split excited state.
Several independent sets of data, including spec-
tral and decay measurements versus pressure (0-
60 kbar) and temperature (100-300°K), provide
enough redundancy so that model parameters are
well established. The T level, which at low pres-
sure has a higher energy than the X level, falls un-
til at high pressure it is more stable than the X
level. The intrinsic radiative lifetime of the X
state is longer than that of the T state. In sc
KC1:In, the X level is doubly degenerate and the T
level is nondegenerate, while in sc KBr:In, the X
and T levels are equally degenerate.

Drotning’s data for %X vs pressure showed that
%X dropped from 100% to zero with increasing
pressure. Calculations with the model using para-
meters from other data fit his points quite well
(Fig. 2). In addition, Drotning published a graph
similar to Fig. 15.> The lines are smoothed curves
through Drotning’s data for the doublet separation.
They are derived directly from experiment, and

thus are dashed to distinguish them from calculated
curves which have been solid. The doublet sep-
aration is mainly due to a Stokes’s shift, but the
small decrease with pressure is due to the stabil-
ization of the T level. Points in Fig. 15 are calcu-
lated from the measured JT splittings; values for
AE from Table II are simply added to the Stoke’s
shift (assummed to be that at the lowest pressure).
In other wotds, the calculated points are normal-
ized to the experimental curve at the lowest pres-
sure. Agreement between experiment and calcu-
lation is good, implying that nearly all information
about the excited state wells is contained in the
model.

In KBr:Tl and CsI:T1, metastable levels from the
Jahn-Teller-split A, manifold are found to dom-
inate lifetime measurements. Parameters are ex-
tracted from KBr:Tl data for a four-level “equi-
librium” model. The trap under the T level is
deeper than and twice as degenerate as the trap un-
der the X level. Behavior of the X and T levels is
similar to that just described for In*. A six-level
model could explain the CsI:T1 data but for the fact
that the intrinsic radiative lifetime of one of the
three emitting levels is found to be pressure de-
pendent.
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