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Luminescence efficiency of F centers in KI studied by lifetime measurements
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The luminescence efficiency of isolated F' centers in KI was studied as a function of the excitation energy by
measuring the lifetime for ordinary luminescence. The emission intensity measured under a pulse excitation
was found to obey nonexponential decay. The luminescence efficiency decreases to below unity when the
excitation energy exceeds 1.96 eV, which corresponds to the slope position at the higher energy side of an F
absorption band. The threshold value for the luminescence efficiency is lower than that previously obtained
from cw measurements but close to that predicted theoretically by Leung and Song. We have traced the origin
of this difference by performing experiments based on the cw method and found out the reason. It is shown that
there is a relationship between quantities obtained by the cw method and those obtained by our lifetime
measurement. Our experimental data are thoroughly analyzed using a model for the radiationless process of
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Leung and Song, which is based on a 1s-2p model. A 1s-2p-2s model is also discussed.
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I. INTRODUCTION

In general, solid-state laser-type materials are insulators
that contain optically active impurity ions or color centers. It
is essential to know the luminescence mechanism of activa-
tors in matrices. In particular, to search for efficient laser
materials, radiationless processes that affect the lumines-
cence efficiency have to be clarified.’

Since Dexter et al.? proposed a criterion for quenching of
the emission using a configuration coordinate model, several
experimental®?! and theoretical®>~?® investigations of the ra-
diationless processes in F center?3° (point defect that con-
sists of an electron trapped at an anion vacancy) in alkali
halide crystals were performed. In order to explain the radia-
tionless process, we sketch an optical cycle in F centers us-
ing a 1s-2p (two-level) model, as shown in Fig. 1.%° An
electron in an F center is optically excited from A [the lowest
vibronic state in the ground state (GS)] to B [Franck-Condon
state (FCS) in the excited state (ES)]. The excited electron
relaxes rapidly from B to C [the lowest level of the relaxed
excited state (RES)], accompanying phonon emission, and
then goes to D (unrelaxed GS), emitting a photon. Finally, it
returns to the initial state A to complete the optical cycle.

The following five typical radiationless processes occur
during the optical cycle described above.

(1) Crossover process.>?* It occurs from a 2p to 1s poten-
tial through a crossing point X, in Fig. 1, which does not
contribute to luminescence. The criterion for judging
whether a crystal with F centers is luminous or nonluminous
was proposed by Bartram and Stoneham?? and was deter-
mined from the relationship between the magnitudes of the
optical absorption energy E,p and lattice relaxation energy
E;R, as illustrated in Fig. 1. The luminous crystals with F
centers satisfy the condition 1/4> A, where A is a ratio
E| r/EAp, While crystals that fail to satisfy that condition are
nonluminous.

(2) Tunneling process.*>* It occurs from the lowest RES
to the ls state through the barrier denoted by X, in Fig. 1 or
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other neighbor defects, such as F’ centers (two electron
center).*> This process occurs even if the F center concen-
tration is low because the wave function of excited states of
F centers spreads.’!

(3) Thermally activated ionization process.>’ Tonization
occurs from the lowest RES to the conduction band, which is
active at higher temperatures.

(4) Energy transfer.'® Energy of excited F centers is trans-
ferred to F, or N centers. This process becomes active in the
case of high F center concentration.

(5) Metastable state process.'* This is a return to GS be-
fore reaching C because of the existence of metastable states,
such as F, centers.’?-34

In this paper, we focus on isolated F' centers. Therefore,
we pay attention to radiationless processes (1) and (2).
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FIG. 1. Schematic diagram of the optical cycle based on a 15-2p
model.
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FIG. 2. Schematic diagram of the optical cycle based on a
1s-2p-2s model. Bhw denotes the energy difference between the
2p-like and 2s-like states in the RES. Sy(=S+ ) and po(=p—B) are
introduced.

Most studies on radiationless processes in F centers have
been conducted within the framework of the 1s-2p
model.>#-1422-26 However, in a recent development, the role
of the 2s state in the ES has been recognized and a 1s-2p-2s
(three-level) model, as illustrated in Fig. 2, has been
proposed.'® In addition, time-resolved measurement of the
radiationless process advanced our understanding of the re-
laxation mechanism in the ES.'72! We understand the de-
excitation process of the F center as follows.!” The phonon
wave packet (PWP) associated with the optical excitation of
an F electron to the FCS relaxes on the 2p-potential surface
toward the RES with emitting hot luminescence (HL)' and
transfers from the 2p potential to 2s-like potential at the first
crossing point of the 2p and 2s potentials. After reaching the
minimum position of the RES at which ordinary lumines-
cence (OL) occurs, the PWP undergoes a damping oscillation
around it.

A recent report, however, suggests that part of the PWP
relaxes along the 2p-potential surface without going to the
2s-like potential, so that the emission from a 2p-like state
occurs.?? Koyama et al.’® measured and analyzed time evo-
Iution of the HL by femtosecond pulse excitation in the F
center in KI. Their result suggests that for the time evolution
for the damping oscillation of PWP near 0.15 fs, the lumi-
nescence efficiency becomes much smaller than 1 for the
excitation energy of 1.823 eV, as shown in Fig. 6(a) in Ref.
20. In other words, their result suggests that the lumines-
cence is quenched at an excitation energy of 1.823 eV.

Next, we focus on the luminescence efficiency for the F
center in the KI crystal. According to criterion of Bartram
and Stoneham,?? this F center has E,p/4=49%%w and E g
=43fw (hw denotes effective phonon energy, which is 9.5
meV in Ref. 9); both the values are quite close. Therefore, KI
crystal provides a borderline case in which OL is suppressed
by radiationless processes for excitation energies near the
high-energy end of the F band. Wakita and co-workers®’
measured the energy dependence of the luminescence effi-
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ciency using cw light on the F center in KI. They also per-
formed measurements for the F centers in KBr and NaCl
crystals, where luminescence efficiency is expected to ex-
hibit no energy dependence. Wakita and co-workers obtained
the luminescence efficiency from the ratio I.(Eyp)/1,(E,p),
where I.(E,;,) and I,(E,) are the emission and absorption
intensities, respectively.g’9 As mentioned later in Sec. IV, the
luminescence efficiency deduced from this method is quite
sensitive to the shape of the absorption spectrum, and this
may result in a non-negligible error. Two important results
they obtained are that the luminescence efficiency of the F’
center in KI is unity up to the energy of 2.10 eV, which is
much greater than the F absorption band peak energy (1.87
eV), and luminous efficiency decreases down to around 0.5
for energy higher than 2.10 eV. Hereafter, we refer to the
energy where the luminescence efficiency begins to drop as
the dropping energy. Leung and Song?® theoretically pre-
dicted from their two-level model that the dropping energy
for the F' center in KI is 1.95 eV.

The main objective of this study is to resolve the disagree-
ment of the dropping energy for the luminescence efficiency
between previous results reported by Wakita and
co-workers,®? Leung and Song,?* and Koyama et al.*® There-
fore, we have performed an experiment by a method differ-
ent than that used by Wakita and co-workers.®? Our method
is based on the measurement of the lifetime of OL and has
the merit in that the lifetime is not affected by the F absorp-
tion intensity and the luminescence efficiency can be ob-
tained from the ratio of lifetimes alone.?

We found that the decay curve of the emission intensity
for OL consists of fast and slow components and attributed
the fast component to a different center than the isolated F
center. We also performed measurements based on the cw
method and traced the origin of non-negligible error that may
appear when the cw method is used. These results are shown
in Sec. IV. In Sec. V, our result of luminescence efficiency is
compared with that of Wakita and co-workers and calcula-
tion of Leung and Song. Our result of dropping energy is
also compared with that of Koyama ef al. Finally, the
1s-2p-2s model is discussed.

II. EXPERIMENTAL

We used KI crystals with F centers, which were prepared
by electrolytic coloration.?® The sample dimensions were
about 3.0X3.0X 1.5 mm?. The F concentration N was
from 1.5X 10" to 1.4 X 10" cm™. We quenched the sample
from 412 °C to room temperatures to obtain uniform F' cen-
ters. As shown in Fig. 3, an excitation light pulse from a
cavity-dumped dye laser was used (Coherent Antares
7220&702, dye: Rhodamine 6G or DCM special, pulse du-
ration of ~8 ps, tuning range of 560-660 nm), which was
excited by the second harmonics of a mode locked
Nd**: YAG laser (Coherent Antares 76s). The repetition fre-
quency of the excitation light pulse was 216 kHz for detect-
ing only one optical cycle of the F center. In order to mea-
sure only an F emission band, the emission from a sample of
KI crystal, which was installed in a temperature-controlled
(Oxford ITC-502, control temperature of 0.1 K) cryostat
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FIG. 3. Block diagram of lifetime and cw measurements.

(Oxford Microstat He), was detected with a high-speed in-
frared detector (Hamamatsu Photonics G8931-20) after it
passed through an infrared filter (Schott RG1000). After the
detected signal was amplified by a preamplifier (Hamamatsu
Photonics C4159-02), it was accumulated by a digital boxcar
integrator (NF Electronic Instruments BX-531). In order to
improve the signal-to-noise ratio, the output from the digital
boxcar integrator was processed through the multiplication
of a wave pattern with a digital oscilloscope (Tektronix
TDS5104B). Total time resolution of all devices was 19 ns.
The temperature of the sample was monitored by a carbon
resistor thermometer (Allen-Bradley, 200 ), 1/8 W) placed
near the sample and a temperature sensor in Oxford ITC-502
(27 Q rhodium-iron resistance sensor). The carbon resistor
was calibrated by using liquid He and liquid N temperatures
and the calibrated rhodium-iron resistance sensor in ITC-
502. The resistor was measured by a digital multimeter (AD-
CMT 7461A) or a digital tester. The lowest temperature of
our cryostat was 17 K. We carried out measurements mainly
at 17 or 25 K, which are higher than those used by Wakita
and co-workers,®” but this modification did not interfere with
our experimental results.

For the cw measurement as shown in Fig. 3, we set the
same repetition frequency of the excitation light pulse as that
mentioned above, and the readout time of the video signal
for one channel of a multichannel detector with an InGaAs
image sensor (Hamamatsu Photonics C5890-256) was set to
400 ws to detect the light passing through a filter (Schott
RG1000) and a spectroscope (Jobin Yvon CP200 IR1). The
detected signal was accumulated by a personal computer.

The concentration and the absorption bands of the F cen-
ter were measured with an absorption spectrometer (JASCO
V-550). Although we performed measurements with the
spectral bandwidth from 0.2 to 2 nm, we obtained almost the
same results across this range. Then, we used mainly the
spectral bandwidth of 1 or 2 nm.

III. EXPERIMENTAL RESULTS OF TIME-DECAY CURVE
OF EMISSION

We show a typical experimental result of time-decay
curve of the emission for Ny=1.7 X 10'® ¢cm™ and the exci-
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FIG. 4. Time-decay curves of the emission intensity for various
excitation energies. The arrows in inset indicate the energy position
of excitation in an F absorption band. The thin solid line shows a
laser pulse shape.

tation energy E.=1.88-2.17 eV in Fig. 4, where a laser
pulse shape is shown by the thin solid line and the F absorp-
tion band by the solid line in the inset, with arrows indicating
the energy position of excitations. For several excitation en-
ergies the time-decay curve of the emission is normalized at
time r=0. We see that the time-decay curve consists of fast
and slow components and that the fast component grows as
the excitation energy increases. The time-decay curves take a
nonexponential form.

The typical temperature dependence of the time-decay
curve of the emission for the excitation energy of 1.89 eV,
the F band peak energy, is shown in Fig. 5. The intensity of
the fast component becomes larger and the slope of the slow
component becomes steeper as temperature increases.

In Fig. 6, we show the time-decay curve of the emission
measured at 25 K for various Ny values from 1.5X 10'° to
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FIG. 5. Typical temperature dependence of the time-decay curve
of the emission intensity. The thin solid line shows a laser pulse
shape.
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FIG. 6. Concentration dependence of the time-decay curve.

1.4% 10" cm™. Even if Ny is comparatively low (e.g., 1.5
X 10'® cm™3), the time-decay curve appears nonexponential,
and the intensity of the fast emission component increases as
the concentration increases. Such a tendency of time-decay
curves with the variation of the Ny in KI was observed by
Frohlich and Mahr,?” who obtained the lifetime of ES and the
concentration dependence by utilizing a time-recovery phe-
nomenon of absorption light caused by the excitation of the
F center in KI.

There exits a difference, however, between their method
and ours. Our experimental method is not influenced by a
time variation of the number of electrons captured by a meta-
stable state (e.g., F’ center) during a radiationless process.
According to their result, for a high N, the N, dependence
of a time-recovery curve of the absorption intensity becomes
nonexponential.>” However, when the N is considerably low
(0.8X10'® cm™), the decay obeys a single exponential
curve. In our case, when the N is 1.5X 10'® cm™, we found
that the fast component becomes very small. However, the
emission decay curve is not a single exponential curve.
When the Ny is lower than 1.5X 10'® ¢cm™3, we cannot ob-
serve the emission decay curve because the emission inten-
sity was too small to be observed. Therefore, a single expo-
nential decay curve, which would be obtained in a low-
concentrated sample, could not be observed. In Sec. IV, we
determine an expression to analyze the nonexponential decay
curve.
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IV. ANALYSIS OF EXPERIMENTAL RESULTS
A. Dependence of lifetimes on the excitation energy

We extract the lifetime of the emission from the time
dependence of the emission intensity I(r) shown in Fig. 4,
which is normalized by I(0) for each excitation energy. For
this purpose, we have attempted to fit the experimental data
to the following four decay types:

(1) decay type resulting from dipole-dipole interactions,

(2) stretched exponential type,

(3) double exponential type, and

(4) double stretched exponential type.

The result of the fitting is summarized in Table I along
with function forms used in the fitting. Function form of
decay type (1) has been used by Frohlich and Mahr’ to
explain the nonexponential decay curve obtained from a
time-recovery phenomenon of absorption light caused by the
excitation of the F center in KI. However, in the present case
the residual x? of fitting by use of function form of type (1)
is the largest in all the types investigated. On the other hand,
the double exponential and double stretched exponential
types yield the best fitting. Since the former involves a
smaller number of parameters compared to the latter, we se-
lected the double exponential type to obtain the lifetime of
the emission. It takes the form

I(1) = A; exp(— £>+AS exp(— i) (1)
7 i

f

Here, the first and second terms correspond to fast and slow
components, respectively. 7; and 7, define lifetimes of the
emission, A being a parameter independent of #. We can ob-
tain the values of 7, 7, Ay, and A, from the fitting of Eq. (1)
to the experimental data for each of the excitation energies.
The results obtained from such a procedure are shown as a
function of the excitation energy, together with the absorp-
tion curve of the F band (thin solid line), in Figs. 7(a) and
7(b). We see in the energy region from 1.90 to 2.10 eV that
7, changes significantly, while 7; is almost constant. At 1.96
eV, 7, begins to shorten. In the energy region greater than
about 2.15 eV, both 7; and 7, seem to be affected by the
presence of the K band. Even if N increases, the behavior of
the two lifetimes barely changes except that the values of 7;
and 7, become slightly smaller. The result of A; and A, will
be used in Sec. IV B.

TABLE I. Functions used for fitting the time-decay data of the emission intensity.

Number of
Function parameters X

—= 3 1.72

(1+A)exp(;_)—A

A exp(=y\1) 2 1.05
Ag exp(—t/ 1) +Ag exp(—t/ 7) 4 0.0016

A/ 1) expl[=(1/ 7)"]

+A (/) exp[—(t/ )] 6 0.0014
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FIG. 7. (a) Dependence of 7; and 7, on the excitation energy Epp-
(b) Dependence of A; and A, on the excitation energy Epp. Solid line
shows F band.

B. Excitation spectra calculated from decay intensities

We have obtained excitation spectra for fast and slow
components from the results of A; and A shown in Fig. 7(b)
by using Eqgs. (A4) and (A5) in Appendix, in which the num-
ber of irradiation times n is 87 and the duration time
4.6 ps. They are denoted by I3 ; and I | respectively, and
presented in Fig. 8 as a functlon of the excitation energy,

%ether with the absorption curve of the F band. We see that
Iy, s well coincides with the F absorption band except for the
h1gh energy side near the K band. This fact means that I‘éfﬂ .
is just the excitation spectrum of slow component and the
emission of slow component occurs under thermal equilib-
rium. The other 1rnp0rtant fact is that I, ; spectrum with the
peak of 2.06 eV is not related to the F absorption band. This
result suggests that fast and slow components arise from dif-
ferent sources. The deviation of ICal from the F band in the
high-energy side reflects the decrease in 7, due to radiation-
less processes.

In Sec. IV E, we will show that 1233 , agrees with the ex-

citation spectrum obtained by the cw method.
C. Dependence of the fast component’s lifetime on F center
concentrations and temperatures

We consider the origin of a fast component that is almost
constant in the energy range in which we are interested. The
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previous reports by Bosi et al.3® and a recent one by Koyama
et al.*® are important here. Bosi et al. measured N depen-
dence of the lifetime of F centers in KCI and found that the
decay curve was of a single exponential form when N, was
6.6X10'® cm™, while when N, was greater than 2
X 10" cm™, a fast component appeared because of the gen-
eration of F, and F; centers and tunneling to an F' center.
On the other hand, Koyama et al.?® stated that they observed
emission from a 2p-like state of the F center in KI by a
femtosecond time-resolved measurement of the HL. Thus,
two possibilities exist for the appearance of fast component
in the emission lifetime: (1) tunneling to other centers and
(2) emission from a 2p-like state.

In order to determine the origin of the fast component
experimentally, we performed lifetime measurements for Np
from 1.5X10'% to 1.4 10" c¢cm™. In Fig. 9, the N depen-
dences of lifetimes are shown. It is seen that 7, decreases,
while 7 remains almost constant, with increasing Np. The
decrease in 7, can be attributed to the so-called luminescence
quenching,’ where an excited electron of an F center tunnels
to another F center to form an F' center. On the other hand,
the behavior of 7; seems to suggest that the fast component is
related to a different center than the F center because it
should decrease, similar to 7, if it is related to the F' center.

The typical time-decay curves of the emission for differ-
ent temperatures from 17 to 120 K are shown in Fig. 5, and

10 Fgg 101
FT =25K E
rE_=1.88¢eV E
: /o o g oo ]

I oo L
E ° E
2 i e oo l =
v’ ° B
— T °
L ° ) 4
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FIG. 9. Dependence of 7; and 7, on the concentration Np.
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and Mabhr for 7 is also shown. Fitted lines are calculated by param-
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the lifetimes of the two components are presented as a func-
tion of temperature in Fig. 10, where the experimental data
of Frohlich and Mahr® are also shown. We note that 7,
abruptly drop near 80 K, while 7; is independent of tempera-
ture in the range of our measurement. 7, in Fig. 10 is con-
sidered to represent the radiative lifetime of OL since in this
excitation energy (E,,=1.89 eV) the effect of radiationless
processes on 7, is negligible.

Here, we attempt to fit the radiative-lifetime data in Fig.
10 to the following equation, which is based on thermal ex-
citation of F electrons to the bottom of the conduction band
lying above the 2s-like level:

TR
= 2
T
1+ — Jexp|———
TO kBT

where 73 is the radiative lifetime, (1/7y)exp[—AE/(kgT)] is
the probability of thermal ionization into the conduction
band with activation energy AE, and kg is the Boltzmann
factor. The fitting parameters are summarized in Table II, and
the fitted line is the solid line in Fig. 10. The small dots
indicate the temperature dependence of radiative lifetime,
which was measured by Swank and Brown*® using a photo-
current method. It is seen that the temperature where 7 starts
to drop is different between our study and that of Swank and
Brown. We consider that this difference is not due to the
difference in N but is because of the reflection of an effect

TABLE II. Parameter values obtained from fitting of the tem-
perature dependence of lifetimes.

AE (eV) TR (us) ' (s Ref.
7 0.126 2.70 3.5%x 1012 Present
T 0.172 0.046 1.2x 10 Present
T 0.110 3.00 3.5%10"2 39
T 0.110 2.22 3.5%10"2 40
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of F' centers created by laser irradiation. In fact, Park*' and
Chiarotti and Grassano*? reported that F’ centers were cre-
ated even at low temperatures by laser irradiation of F cen-
ters in KCl. Moreover, Benci and Manfredi*® studied the
temperature dependence of the lifetime for F centers in KCl
when there existed the influence of the F' center and re-
ported that the radiative lifetime was larger than that of the
isolated F' center.

On the other hand, a similar phenomenon such that 7
does not depend on temperatures and has been observed in
the temperature dependence of the fast decay component of
F centers in KCI and NaBr by Bosi et al.¥* They reported
that the fast component of the emission arose from M(F,)
centers.

Koyama et al.”* reported the fast emission from a 2p-like
state of the F center in KI by a femtosecond time-resolved
measurement of the HL. However, our result of activation
energy AE for the fast component is 172 meV, which is
greater than that of the slow value of 126 meV. This discrep-
ancy suggests that the 2p-like state is lower than the 2s-like
state. Therefore, we can rule out the possibility that the fast
emission arises from the 2p-like state.

Our experimental results mentioned above imply that the
fast component of the lifetime has a completely different N
and temperature dependences from those of the slow compo-
nent. This fact indicates that the slow and fast components
cannot be explained within the same framework. We are led
to the conclusion that the fast component of emission is not
related to isolated F' centers, but originates from other cen-
ters such as the F, or F; centers that really emit the light
with an energy overlapping that of the F center emission, as
was reported in the radiative-lifetime measurement of color
centers in KCIl and NaBr,’#* or indicates the influence on
the emission caused by tunneling. We will report details in
the near future.

From the above discussion we can say that the fast com-
ponent of emission is not related to the F band absorption.
Similarity of its excitation spectrum Igi}f to the K band seems
to suggest a possibility that the fast component may be as-
sociated with the K band. However, luminescence efficiency
of the fast component evaluated by the same method as that
used in Sec. IV D near the K band peak prevents us from
attributing the fast component to the K band. Therefore, at
present we believe that it is related to an unknown center
other than the F' center, as mentioned in the last paragraph of
Sec. IV B.

L 20

D. Luminescence efficiency for the slow component

In the preceding subsections we have shown that the life-
time of the slow component 7, represents the lifetime of the
emission from OL of the F center. It is noted that our value
of 7, of about 1.90 eV (2.0 ws) is close to that (1.8 wus at 77
K) obtained by Frohlich and Mahr®® as the lifetime of iso-
lated F centers.

Here, we compare our result of 7, shown in Fig. 7(a) to
the previous result’ of luminescence efficiency 7, which is
given by the ratio of the lifetime 7 to the radiative lifetime
TR, T being composed of radiative and nonradiative
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FIG. 11. Spectrum of the luminescence efficiency along with
that of Hirai and Wakita.

components,* by defining relative luminescence efficiency
ns(Eph) as

_ 7(Epn)
N(Epp) = 75(1—90"6—\/) (3)

This becomes 1 when E,,=1.90 eV, where 7, nearly equals
Tr since the contribution of the nonradiative component al-
most vanishes at £,,=1.90 eV. The experimental data are
shown as a function of E, in Fig. 11, where the result ob-
tained by Hirai and Wakita® with cw light excitation is also
shown by squares. Our result and result of Hirai and Wakita’
with respect to the E, dependence are similar, except the
dropping energy of luminescence efficiency, which is 1.96
eV in the former and 2.10 eV in the latter, and except the
magnitude in the higher excitation energy, which is 0.75 in
the former and 0.5 in the latter.

The decrease in luminescence efficiency is due to the in-
crease of a radiationless probability. Figure 11 shows that
this increase starts at about 1.95 eV. This change with the
variation of excitation energy is quantitatively explained in
Sec. V.

E. Luminescence efficiency obtained from the cw method

We found the origin of the disagreement between our ex-
perimental result and experimental result of Wakita et al. by
performing cw measurements. As shown in Appendix, be-
cause the excitation spectrum of the isolated F center can be
obtained, the luminescence efficiency in the cw method at a
certain excitation energy E, is obtained from the ratio of
I(Ep)/ I(E,y), where I(Ey) and I,(E;,) are emission and
absorption intensities, respectively.®” Then, relative lumines-
cence efficiency 7.y(Ey) for the cw method is given by

[ICW(EEh)]norm (4)
[Ia(Eph)]norm '

where [Ioy(Epp) Jnorm and [I,(Epn) Juorm are the normalized
emission intensity (excitation spectrum) and absorption in-
tensity (absorption spectrum), respectively, obtained from the
following:

New (E ph) =

PHYSICAL REVIEW B 80, 195116 (2009)

KI
1OFT =17K P
Np=1.7x10 cm
---- Case 1
09F —--Case2

0.6 1 1 1 1 1 1
2.8 24 2.0 1.6

E,, (eV)

FIG. 12. Fundamental absorption spectrum of the F center in KI
before background subtraction. Two baselines are shown for the
background. The baseline containing point P is referred as case 2,
while the other case 1. For details, see the text.

_ Ie(E h)
[Icw(Eph)]norm - m s (5)

_ Ia(E h)
[Ia(Eph)]norm - Ia(l—gope_v) . (6)

The fundamental absorption spectrum of the F center in
KI has a shape shown in Fig. 12, in the case that the back-
ground (absorption of the KI host crystal), denoted by a
baseline, is not subtracted. In general, to obtain an absorption
curve for the F center from the fundamental absorption spec-
trum, a baseline is drawn to subtract the background. In Fig.
12, two baselines are drawn: first is a single straight line
connecting both absorption edges (case 1) and the other con-
sists of two straight lines crossing at point P (case 2). If the
slope angles at the low- and high-energy sides equal each
other, these baselines completely coincide. However, this is
not the case in F centers in KI. In Fig. 13, F absorption
bands [/,(Epp)Jorm (indicated as the dotted lines for case 1
and dashed-dotted lines for case 2, respectively) obtained by
subtracting the background with two types of baselines are
shown by semilogarithmic plots. We see a noticeable differ-
ence in the higher energy region between results obtained
after the background subtraction based on the two different
procedures. We note that the excitation spectrum
[Zcw(Eph) Jnorm Obtained by the cw method is also shown by a
+ mark in Fig. 13.

In Fig. 14, luminescence-efficiency spectra obtained by
two procedures for the background subtraction are compared
with the result of Hirai and Wakita® and our result obtained
from the lifetime measurement. We have found that the
luminescence-efficiency spectrum (indicated as reverse tri-
angles) obtained in case 2 agrees with our result of the life-
time measurement (indicated as black circles), while that ob-
tained in case 1 (marked by triangles) differs from our result,
being instead similar to result of Hirai and Wakita.

Furthermore, there is a relationship between quantities ob-
tained from the cw method and our lifetime measurement.
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FIG. 13. F absorption bands [I,(Eyy)]norm Obtained by the two
different subtraction procedures. For comparison, excitation spectra

[Uew(Eph) Jnorm and [Lew(Epn)/ 76(Epn) Jnorm are also shown by + marks
and open circles, respectively.

The ratio of 7.,(E,,) and 7,(E,,) is, expressed from Egs.
(3)—(6), as follows:

nCW(Eph) — [Icw(Eph)]norm
ns(Eph) Ts (Eph) Ia (Eph)

o [Icw(Eph)/Ts(Eph)]norm
Ia(Eph)

Thus, Eq. (7) means that [I.,(Ey)/ 7i(Epp)Jnorm i propor-
tional to the F absorption band when the cw method and the
lifetime measurement yield the same result. In Fig. 13,
[Uew(Epn)/ To(Epp) Jnorm Obtained in case 2 is indicated as the
circles. It is in good agreement with the F' absorption band
shown by the dashed-dotted lines.

From the above, we have found that the difference be-
tween our experimental result and result of Wakita and
co-workers®? arises from a slight difference in the shape of
the absorption spectrum caused by a background subtraction
procedure.

7,(1.90 eV)I,(1.90 eV)

(7)

KI
T =17K
>
5
8
2 10 By
m
3]
=
2
g 0.5F A [ncw]dot
g [ncw]dash»dot
— LRI
H. & W. (2K)
0.0 ) 1 " 1 A 1 A
2.4 2.2 2.0 1.8
Ey (eV)

FIG. 14. Comparison between spectra of the luminescence effi-
ciency obtained from the cw method and lifetime measurement.
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We notice that the excitation spectrum (in Fig. 13) ob-
tained by the cw method is in good agreement with the Iﬁfﬁs
reproduced from lifetime measurements (in Fig. 8). This im-
plies that in the cw measurement only the part corresponding
to IS4 | is detected since the magnitude of I ; is quite small

compared to that of /%!

cwW,s*

V. COMPARISON OF THE LUMINESCENCE EFFICIENCY
BETWEEN EXPERIMENT AND THEORY

In this section, we compare our experimental result for the
luminescence efficiency with the model originally proposed
by Leung and Song.?? This model was modified by Hirai and
Wakita’ to incorporate the effect of tunneling to F' center,
and they applied it to their experimental result. This model is
based on the configuration coordinate that acts as an accept-
ing mode for the vibrational relaxation. It assumes two re-
laxation routes: first is a step-by-step vibrational transition
accompanied by phonon emissions within the 2p states and
the second a transfer from the 2p state to the ground 1s state
with no emission of light. A back transfer from the 1s to the
2p state is assumed to be negligibly small.

The expression for the luminescence efficiency 7, of
model of Leung and Song, as modified by Hirai and Wakita,’
is expressed as follows:

1
n=11 #FL,). (3)
l’l=n0
where
FL,
FL)=—""7"7,
7(FL,) NR + FL.
(n=29 “,n0)9 (9)
I/TR

n(FL1)=( )(1 —FF'T). (10)

NR+ 1/ + FF'
Here, NR,, in Egs. (9) and (10) denotes the probability of the
radiationless decay due to the transfer from the 2p state to
the 1s GS and is given by

n!
(n+p)!

where W is an appropriate constant determined by the tran-
sition matrix element of the promoting mode between the 2p
and 1s states, and the remaining arises from the square of the
overlap integral of the two displaced harmonic oscillator
wave functions for the n and (n+p) levels associated with 2p
and Ls states, respectively (see Fig. 1). S is the Huang-Rhys
factor,* which is a measure of the relative displacement be-
tween the harmonic oscillators associated with the 2p and 1s
states and is related to the Stokes shift Eqg(=2E;g) as S
=FEs/(2hiw), where w is an effective angular frequency of
the accepting mode. p is an integer defined by p
=E g/ (hw)—S (E,p denotes absorption energy; see Fig. 1);
in other words, phw denotes the difference between energy

NR, = Wye SSP (L2 (n=1,...,n9), (11)
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FIG. 15. Temperature dependence of the full width at half maxi-
mum for F absorption band. The solid line indicates a curve fitted to
Eq. (14).

origins of the vibronic levels for the 2p and Is states (see
Fig. 1). LX(S) is the Laguerre polynomial.
FL, in Eq. (9) denotes the step-by-step vibrational transi-
tion within the 2p state and is
FL,=nmAW, (12)
where AW is a constant value of 10'°-10'2 s7147 1/7; in
Eq. (10) is a radiative transition probability from the lowest
state. FF'T in Eq. (10) is a probability for the electron tun-
neling from the lowest RES of the F center to the nearest-
neighbor F center to form the F' center and FF’ is a relative

probability of the thermal ionization of the F' center with
activation energy AE to form F’ centers, being given as

1 (AE)
FF'=—exp|-—|.

13
7o kBT ( )

The term n, in Eq. (8) indicates the level to which an F
electron is excited, being related to the excitation energy by
Ep=(np+p)ho.

Before proceeding to fit Eq. (8) to experimental data, we
need to decide which parameters we choose as unknown. In
order to reduce unknown parameters, we measured the tem-
perature dependence of the absorption bandwidth W,, which
gave us the values of important parameters iw and S. In Fig.
15 the experimental data are plotted along with the fitted
curve*® which is given by

PHYSICAL REVIEW B 80, 195116 (2009)
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FIG. 16. Comparison of the luminescence efficiency between
experiment and calculation with the other results. Solid circles are
experimental data.

1/2
W,(T) = wa(O)[coth( ZZ)T” : (14)

where

W,(0)=Aw[8 In2-S]"2. (15)

The values of iw and S were determined to be 9.6 meV and
46, respectively, from the best fitted curve.

Now we can compare Eq. (8) with the experimental data.
We set #Aw=9.6 meV, Exz=1.891 eV,¥ 7AW=39
X 10 s~ and 1/7y=3.5X10'? s~! (Table II in Ref. 9).
When we use 1/7,=3.7X10° s7! and AE=126 meV from
our results in Table II, free parameters reduce to two, that is
S and W,. Then we easily try to fit Eq. (8) to our data. The
best fitting was achieved when S=47 and W,=0.38
X 101 s7!. as shown in Fig. 16. Previous results from Hirai
and Wakita® and Leung and Song?? are also shown. The pa-
rameter values are listed in Table III for comparison with
previous results. We note that the value of p is determined
from the relation p=E g/ (fiw)—S. Our parameter set repro-
duces well the experimental result for the luminescence effi-
ciency. The value of S (=47) obtained from the fitting agrees
well with that (S=46) from the temperature dependence of
the F' absorption bandwidth. As shown in Table III, the pa-
rameter sets used by us and Hirai and Wakita® do not differ
largely from each other; however, a difference is seen in their
resulting curves of 7, whose dropping energies are shifted

TABLE III. Values of input parameters used for fitting luminescence-efficiency data to Eq. (8). Values of output parameters are also

listed. For details, see the text.

Eir Eac (p=5) s

ho ho 45 (p+S)
hw Wo TAW Tﬁl 7'(_)1 AE T
(meV) S p T (s7h (s7h (s7h (s7h (meV) (K) A Ref.
9.6 47 150 56.4 0.38x 1013 3.9%x 1010 3.7X10° 3.5%x10!2 126 17 0.239 Present
9.5 43 155 74 1x108 3.9%x 1010 45%10° 3.5% 1012 110 2 0.217 9
8 54 180 74 1x10" 10'0-10"? 0 0.231 23
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TABLE IV. Relationship of output parameters in Table III and absorption and emission energies. The
value of B is determined so that (py—S)hw agrees with the experimental data of Ecp.

Exp Ecp
hw (p+Show (pot+So)hw (p-S)ho (Po—Sho
(meV) So Do B (eV) (eV) (eV) (eV) Ref.
9.6 64 133 17 1.891 1.891 0.989 0.826 Present
9.5 1.881 1.064 9
8 1.87 1.008 23
1.875 1.875 0.827 0.827 49

from each other by about 0.14 eV (=14#Aw). This shift prob-
ably due to the difference in A defined by S/(p+S) (see
Table IIT) because our value and value of Leung and Song of
A are close to each other, but that of Hirai and Wakita is
rather different from them. This fact means that A is an
important factor for determining the dropping energy of the
luminescence-efficiency spectrum.

In the above fitting we used the experimental value of Ep
(=1.891 eV) and determined the value of S in addition to
those of the parameters that take part in the radiationless
process. We are interested in examining whether the deter-
mined parameters satisfy the emission energy Ecp
=0.827 eV.*’ Since Ecp is expressed in terms of S, p, and
fhw as Ecp=(p—S)hw, Ecp amounts to 0.989 eV. This value
is 0.16 eV larger than the experimental value of 0.827 eV.#
In Table IV, the value of Ecp is listed along with that of Exp
for comparison with those values deduced from parameter
values of Hirai and Wakita.’

In order to explain consistently the whole of the optical
cycle described in Sec. I, it seems that we have to account
properly for the role played by the 2s state in the relaxation
process. In Fig. 2 the role of the 2s state is shown schemati-
cally. If instead of Ecp=(p—S)fiw, we could consider it as
Ecp=(py—S)ho taking account of the energy difference be-
tween the 2p-like and 2s-like states in the RES, which is
denoted by Bfiw in Fig. 2, the emission energy would de-
crease. For a more convincing demonstration of the 2s state’s
role, it is highly desirable to extend a 1s-2p-2s model so as
to treat both the radiative and nonradiative processes at the
same time.

Finally, we make a comment on the experimental result of
Koyama et al.,*® who have carried out the time-resolution
measurement of HL. with femtosecond pulse excitation in the
F centers (concentration of 5X 10' ¢cm™) in KI. From the
time evolution of damping oscillation of the PWP for the
excitation energy of 1.823 eV [Fig. 6(a) in Ref. 20], we can
read the time that the emission energy becomes zero, that is,
0.15 fs. This means that the PWP arrives at the crossing point
of ES and GS at that time. Since the PWP transfers from the
ES to the GS at the crossing point, the number of electrons
coming back to the bottom of ES and emitting light de-
creases, so that the emission intensity would begin to de-
crease. In other words, when the F center is excited with the
energy of 1.823 eV, it is expected that the luminescence ef-
ficiency becomes smaller than unity. However, this does not
match our experimental result nor that of Wakita and

co-workers.®? We would like to point out the possibility that
Koyama et al. observed a phenomenon related to the fast
emission component as shown in Fig. 4 since their experi-
ment was performed for the F centers of considerably high
concentration.

VI. CONCLUSION

We have performed lifetime measurements of OL in the F
center in KI crystal for various excitation energies to inves-
tigate the luminescence efficiency. It has been found that the
lifetime has two components, fast and slow. We have sug-
gested that the fast component should be attributed to centers
other than isolated F centers. The spectrum of the lumines-
cence efficiency deduced from the dependence of the slow
component on the excitation energy is compared with previ-
ous results obtained by the cw method. The present and pre-
vious results for the luminescence efficiency disagree par-
ticularly in the dropping energy in the luminescence-
efficiency spectrum. We have determined the origin of this
difference by performing measurements by the cw method. It
was found that the absorption spectrum is quite sensitive to
background subtraction, so that the resulting luminescence
efficiency in the cw method tends to include a non-negligible
error. Our experimental data of the luminescence efficiency
have been shown to be adequately described by the model of
Leung and Song.

In this paper, we have not reported detailed data for the
concentration dependence of lifetimes. The study on the con-
centration dependence remains for future work. At present,
we are analyzing the experimental data of the luminescence
efficiency using a model that incorporates damping motion
of the PWP in a semiclassical 1s-2p-2s model.
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APPENDIX

Here we notice that Ie(Eph) obtained from our cw mea-
surement using a multichannel detector can be reproduced
using lifetime measurement data. When the F center is irra-
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diated n times by a pulse laser light with the duration time 7,,
the luminescence intensity /.,(#,) recorded with the multi-
channel detector during nt, is expressed in terms of the emis-
sion intensity 1(¢) in Eq. (1) as

Io(t) =3 { f ' I(t)dt} > [(k -1 f i I(t)dt:|
k=11 Jo k=2 o

(A1)
= cw,f(tp) + Icw,s(tp) (AZ)
z]Cw,s(tp)’ (A3)
where
Lo il2,) = nAfo{ 1+ l(n - 3)exp<— EE)} (A4)
’ 2 Tt
and
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Teys(ty) = nASTS[l LT 3)exp<— i)} . (AS)
2 T

The first term in Eq. (A1) represents the decay intensity of
emission during the time 7, and the second term represents
the remaining emission due to the preceding decay.

In cw measurement, one cannot neglect the second term
in Eq. (A1) that is accumulated to the net intensity of the
emission, and the contribution of the fast component,
Loy 1(2,), to I, (t,) is negligibly small compared to that of the
slow one, I, 4(¢,), since 7 is smaller than 7, by two orders of
the magnitude as seen from Fig. 7(a). Namely, Eq. (A3)
holds practically, so one obtains only the information from
the isolated F center in the cw measurement. We have con-
firmed experimentally that I.(E,,) is proportional to the
I,,(,) in Eq. (A3) in the energy range from 1.9 to 2.2 eV,
where the energy dependence of 7, is available.
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