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Radiative and nonradiative processes in the optical cycle of the F3
1 center in LiF
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Lithium fluoride stands apart from the other alkali halide crystals because of its good physical properties and
the excellent thermal stability of the color centers. Among them the F3

1 after absorbing at;450 nm emits at
;535 nm, with an unusual dependence on time, excitation power, and temperature. Accurate optical measure-
ments as a function of temperature have confirmed the existence of a triplet state, which acts as a trap for a
sizable fraction of the excited F3

1 centers. In addition, the singlet and triplet states are connected by nonra-
diative transitions involving multiphonon processes, which have been crucial in assessing the energy position
of the ground triplet state;1 eV below the relaxed excited singlet state.@S0163-1829~96!00148-8#
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I. INTRODUCTION

Alkali halide crystals with color centers have been at
center of attention of the solid-state community since
beginning of this century and, besides a direct interes
their peculiar optical properties, they have been widely u
lized as prototype cases for more complex point defect
crystals.1 In more recent times they have been actively st
ied experimentally and theoretically to clarify fundamen
processes of radiative and nonradiative transitions,2 and
moreover they came to be well known as a suitable opt
material for tunable solid-state lasers from the visible to
near-infrared spectral region.3 Among such crystals, lithium
fluoride occupies a special place because it can host p
defects that emit efficiently even at room temperature an
is not hygroscopic, unlike the other salts. Studies on L
based lasers have established that lasing at room temper
~RT! and in the pulsed regime is possible in the spec
ranges 0.65–0.74mm ~F2 centers!, 0.84–1.12mm ~F2

1 cen-
ters!, 1.09–1.26mm ~F2

2 centers!, and 0.51–0.57mm ~F3
1

centers!,4–7 although these centers suffer from bleaching
fects with the exception of the F2

2 centers. Some interestin
applications, such as the generation of optical phase co
gation waves, have been implemented using the nonlin
optical behavior of LiF crystals containing mainly F3

1

centers.8,9

In spite of the rich and still promising field of applie
research, basic knowledge of the optical properties of m
of the color centers in LiF is still lagging behind. First of a
the F center, which is commonly associated with the abso
tion band at;250 nm, has not yet produced any emissio
although a little luminescence is theoretically expected.10,11

However, such emission would be difficult to observe
according to the hydrogenoid model of the F center imb
ded in a dielectric medium,12 it should appear at;900 nm.
This is the region where F2

1 center luminescence is emitte
and it is impossible to produce samples without at least a
of these centers, which besides their fundamental ban
;630 nm also absorb at;250 nm. Second, it is not possib
to color LiF additively; it can only be colored by variou
irradiation techniques that produce both F and more comp
centers. These centers are often transformed one into an
under either pumping or thermal cycles, or under both,
540163-1829/96/54~24!/17508~7!/$10.00
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the absorption and emission bands of different centers m
overlap each other, as is the case for the F2 and F3

1 centers.
It is well known that the excitation of the absorption band
;450 nm of a colored LiF crystal produces two emissions
green one peaked at;535 nm, and a red one at;670 nm.
Optical investigations and polarization measurements h
shown that the defects responsible for the green and
emissions are the F3

1 and F2 centers, respectively.
13 At RT

the F3
1 absorption band has a maximum at;458 nm and

almost coincides with the F2 absorption band, whose max
mum is at;441 nm. The overlapping of the two absorptio
bands allows simultaneous lasing in the pulsed regime in
green and red spectral regions.14–16However, such a coinci-
dence also causes serious difficulties in the preparation
active media with low losses at the pumping waveleng
~400–490 nm! and in the laser oscillation of the F3

1 color
center~510–570 nm!. Moreover, investigation of the optica
properties of F3

1 centers is prevented by the presence of2
centers, which are inevitably produced by bombardment w
ionizing radiation. More F2 centers are created at room tem
perature than at liquid-nitrogen14 ~LNT! and dry-ice
temperature,15,16 and a further decrease in their number c
be obtained by pumping the colored crystal with excim
laser radiation at 308 nm,16 which falls within the second
absorption band of F centers.17,18

The present paper is devoted to an accurate study of
optical cycle of the F3

1 center in crystals containing, as fa
as possible, just this center. Only in such extreme conditi
is it possible to definitely confirm the existence and det
mine exactly the properties of a triplet state,14 which has
been invoked to explain a surprising emission intens
quenching at;535 nm under strong optical pumping of th
absorption band at;450 nm. This same decreasing of th
emission intensity has also been ascribed to a reductio
luminescence quantum yield with temperature,19 and to a
complex photochemical process involving both F2 and F3

1

centers.20,21It is of the utmost importance to carry out furthe
experiments with well characterized crystals, concern
various color centers, in which the temperature is well co
trolled. The work done for these purposes has been o
nized as in the following. In Sec. II the preparation of t
LiF crystal and the experimental apparatus is described
detail, while the most significant experimental results a
17 508 © 1996 The American Physical Society
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54 17 509RADIATIVE AND NONRADIATIVE PROCESSES IN THE . . .
presented in Sec. III. The optical cycle and the rate equat
with a few significant solutions pertinent to the results of t
work are discussed in Sec. IV. Data relative to the theoret
model are discussed in Sec. V, followed by conclusions
Sec. VI.

II. EXPERIMENTAL PROCEDURES

LiF crystals containing impurity ions at less than 10 pp
were colored withg rays from a60Co source at dry-ice tem
perature. The samples used in the experiments meas
;2034031.15 mm3; they were subjected to an exposu
rate of 0.7 kC/kg h~equivalent to 2.783106 R/h! and an
irradiation dose of 7 kC/kg. After irradiation the crysta
contained mainly F, F2, F3, and F3

1 centers. Figure 1 show
a portion of the absorption spectrum~dashed line! of one
such crystal containing F2 ~more! and F3

1 ~fewer! centers
absorbing at 445 nm and F3 centers absorbing at 375 nm
The F band, not shown in Fig. 1, had an absorption of;10
optical density. By pumping the crystal with the 308-nm li
of an excimer laser at RT, the F2 centers were destroyed an
transformed into F3

1 centers, as clearly shown by the corr
sponding absorption spectrum~solid line!: the much wider
absorption band and the peak slightly shifted toward lon
wavelengths indicate a predominance of F3

1 centers.13,18

This transformation can be seen with the naked eye, sin
is accompanied by the crystal changing from yellow af
coloration to a greenish shade following UV exposure. Ho
ever, a final check was made by means of emission meas
ments, exciting the samples with the 457-nm line of an A1

laser. Figure 2 shows the luminescence spectra at RT ta
before~dashed line! and after~solid line! UV exposure. The
F3

1 band emission increases with respect to and at the
pense of the F2 band emission after exposure.

A sample containing a majority of F3
1 centers and a lot o

F centers was prepared using the above procedure and
ied experimentally. Emission measurements were take
both collinear and perpendicular geometries of the pump
source and the detector, with the sample placed in a varia
temperature cryostat. The 457-nm line of an Ar1 laser was
used to excite the F3

1 color centers, and a photomultiplie
with S20 response monitored the emission filtered by
25-cm focal length monochromator. The pumping light w
modulated by a chopper and the signal analyzed by

FIG. 1. Absorption spectrum at RT of ag-irradiated LiF crystal
before~dashed line! and after~solid line! excimer laser pumping.
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lock-in technique and acquired by an A/D system. A scan
was also used on the laser beam to study transient phen
ena. In order to avoid any appreciable local heating
power of the pumping laser never exceeded 100 mW on
crystals, and the laser beam was not focused. Moreover
two big flat faces of the crystals were mounted tightly b
tween two gold-plated copper pieces of the cold finger of
cryostat in order to assure a good thermal contact for di
pating the absorbed energy of the laser beam. Absorp
spectra before and after each emission measurement
obtained by a Perkin Elmerl19 spectrophotometer. The ab
sorption at a fixed wavelength of 460 nm under 457-nm la
pumping was monitored by using the filtered light from
tungsten lamp and the same experimental setup.

III. EXPERIMENTAL RESULTS

A marked decrease in luminescence accompanied b
slight color change from green to green-yellow were o
served in the first few seconds of laser pumping. This
markable phenomenon is reported quantitatively in Fig.
where the time evolution of the F3

1 emission at 530 nm afte
switching on the 457-nm excitation is shown at RT and LN
The initial intensity decays exponentially towards a stea
state value with constant pumping power. This behavio
similar, but with different time and intensity scales, for a
the pumping powers and wavelengths within the F3

1 emis-
sion band.22 In particular, the initial~transient! and the final
~stationary! values of the emission intensity unambiguous
show, respectively, a linear dependence and a saturatio
fect with pumping power. In the same conditions, the we
luminescence of the remaining F2 centers, peaked at 670 nm
does not show any time evolution or saturation effec
which are evidently originated only by F3

1 centers. Similar
behavior was also observed in a LiF crystal colored at
with a 30-keV electron beam.23 Once the emission reache
the stationary value, it remains there as long as the la
pumping power is kept constant. However, a complete
covery of the luminescence is obtained when the pump la

FIG. 2. Emission spectrum at RT of ag-irradiated LiF crystal
before ~dashed line! and after~solid line! excimer laser pumping
obtained by excitation with the 457-nm line of an Ar1 laser.
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17 510 54G. BALDACCHINI et al.
is switched off long enough and on again. For a more co
plete picture of the phenomenon, the time evolution of
absorption peak after switching the laser exciting light
and off was also investigated. After switching on the las
the sample absorption decreased to a different equilibr
value, and removal of the laser light resulted in a sponta
ous recovery towards the initial value of the absorption,

FIG. 3. Time evolution of the normalized emission at 530 n
after switching on the laser excitation at 457 nm with a power
42.5 mW at RT and LNT.

FIG. 4. Time evolution of the absorption at 460 nm after switc
ing the laser excitation on and off at 457 nm with a power of 4
mW at RT and LNT.
-
e

r,
m
e-
s

shown in Fig. 4, both at RT and LNT.
The time behavior of the signal variations in Figs. 3 and

can be described by exponential curves with a unique t
constanttp ~pumping! when the laser is switched on, andtr
~recovery! when the laser is switched off. Figures 5 and
show two typical best fits to exponential functions of t
experimental results at LNT and RT, respectively, and
agreement is very good. The time constanttp was then mea-
sured as a function of pumping power at different tempe
tures both in emission and in absorption experiments. Fig
7 reportstp vs pumping intensity at RT and LNT, as take
from absorption signals. Similar values were also obtain
from luminescence signals. The time constanttr does not
depend on the pumping power; its dependence on the t
perature is reported in Fig. 8, as derived from absorpt
signals.

IV. OPTICAL CYCLE AND RATE EQUATIONS

The experimental results in Sec. III indicate the existen
of a long-lived state in the optical cycle of the F3

1 center,
capable of momentarily trapping the electronic excitation.
previous works14,24,25it was suggested that this energy lev
could be a triplet state, and Fig. 9 shows the energy-le
diagram. The F3

1 center can be excited from the groun
state~GS! 1A1 to the first excited state

1E1* by optical pump-
ing U0Þ0. After a relaxation time of the order of ps, th

f

-

FIG. 5. Time dependence of the luminescence at LNT a
switching on the pump laser~circles! and best fit with an exponen
tial curve with a unique time constanttp57.20 s~solid line!.

FIG. 6. Time dependence of the absorption at RT after swit
ing off the pump laser~circles! and best fit with an exponentia
curve with a unique time constantt r54.86 s~solid line!.
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54 17 511RADIATIVE AND NONRADIATIVE PROCESSES IN THE . . .
excitation reaches the relaxed excited state~RES! 1E1, from
where it can decay radiatively, with a time constantt0, to the
unrelaxed ground state~URGS! 1A1* , or reach, through a
nonradiative transition and with probabilityW1, the ground
triplet state~GTS! 3E1. From the triplet state the excitatio
can reach, through another nonradiative transition with pr
ability W2, the unrelaxed ground-state1A1* . From here the
excitation eventually relaxes to the ground state in a time
the order of ps. Thus, the triplet state acts both as a trap
the excited population and as an efficient quenching of
emission. The possibility of an optical excitation to th
higher-energy triplet state3A2, which has recently receive
some attentions,26,27 has not been considered at this sta
because it does not have relevant consequences on
present experimental and theoretical analysis, as it will
shown later on.

By considering that the lifetimet0 of the RES is of the
order of a few ns~Refs. 28–33! and that the pump rate out o
the GS,U0, could be;103 s21 at the maximum power use
in the present experiments, it follows that only the GS, RE
and GTS states retain an appreciable population during
optical cycle. Therefore, by limiting the study to these thr
states, the optical cycle is described by the following r
equations:

dn0
dt

52U0n01
1

t0
n11W2n2 ,

FIG. 7. Time constanttp as a function of pumping power at R
and LNT, measured from absorption.

FIG. 8. Time constanttr as a function of temperature measur
from absorption.
-
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dn1
dt

51U0n02S 1t0 1W1Dn1 ,
dn2
dt

51W1n12W2n2 ,

N5n01n11n2 , ~1!

whereN is the number ofF3
1 centers per cm3 and the pump

rate out of the GS is given by

U05s0

I

Ahn
, ~2!

with s057.131017 cm2 at l5460 nm,34 and whereI is the
pumping laser power,A the laser focusing area on the cry
tal, andhn the energy of the laser photon. In the prese
experimental conditions, where the laser beam is not
cused,U0~s

21!552603I ~W!, and, as the power never ex
ceeds a few hundred mW, it is alwaysU0t0!1, which means
that saturating conditions can be excluded. If it is also
sumed thatt0

21@W1 ,W2, as demonstrated later on, the tem
poral solutions of Eq.~1! to a sudden pumping excitatio
~U050 for t,0 andU0Þ0 for t>0!, with the initial condi-
tions given byn1(0)5n2(0)50, n0(0)5N, are expressed
as follows:

n0~ t !>N
1

11U0t0
W1

W2

F11U0t0
W1

W2
e2t/tG ,

n1~ t !>NU0t0F 2e2t/t01

U0t0
W1

W2

11U0t0
W1

W2

3e2t/t1
1

11U0t0
W1

W2

G ,

FIG. 9. Energy-level diagram of the F3
1 center showing the

radiative~—!, nonradiative~-----!, and relaxation transitions~•••••!.
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17 512 54G. BALDACCHINI et al.
n2~ t !>N

U0t0
W1

W2

11U0t0
W1

W2

@12e2t/t#, ~3!

where

1

t
5~U0t0W11W2!. ~4!

Thus, the populations of the three states are governed
fast timet0, which is the lifetime of the RES, and a muc
slower timet, which coincides with the pumping timetp
measured in the preceding kinetic experiments. Moreo
when the pumping intensity is switched off abruptly, t
populations of the GS and GTS change exponentially,
clearly indicated by Eqs.~1!, with a time constantW2

21 that
coincides with the recovery timetr .

From Eqs.~3! it is also possible to calculate the rat
between the initial and the final value of both the lumine
cence~see Fig. 3! and the absorption~see Fig. 4!, which are
given by the same expression:

n1
max

n1~`!
5
n0~0!

n0~`!
511U0t0

W1

W2
, ~5!

wheren1
max is the maximum value of the population of th

RES just after switching on the pumping laser, i.e., at le
after;3t0.

V. DISCUSSION

The model of the F3
1 center, represented schematically

Fig. 9, after some mathematical manipulations gives a
simple formulas that relate measurable quantities, such a
pumping timetp @Eq. ~4!# and the absorption and emissio

FIG. 10. Values of~tp!
21 as a function of pumping power at R

obtained from emission measurements~a! and at LNT from absorp-
tion measurements~b!. The experimental data ofW25(t r)

21 are
shown atI50. The dashed line is the linear best fit.

FIG. 11. Ratio of initial and final intensity of emission~a! and
absorption~b! as a function of laser pump intensity at LNT and R
respectively.
a

r,

s

-

st

w
the

signals@Eq. ~5!#, to the pump rateU0 and to various intrinsic
parameters of the optical cycle:t0, W1, andW2. We can
now verify the validity of the model in relation to the exper
mental results of Sec. III.

Figures 10~a! and 10~b! show the values of~tp!
21 as a

function of pumping intensity, obtained at RT from the em
sion measurements and at LNT from the absorption meas
ments, respectively. A straight line fits the experimen
points very well, as expected from Eq.~4!. The intercept at
I50 coincides, as required by the model, with the value
W25(t r)

21 as determined independently from absorpti
recovery time measurements.

Figures 11~a! and 11~b! show the ratio of the initial and
final values of theF3

1 luminescence and theF3
1 absorption

at LNT and RT, respectively, as a function of the pumpi
intensity. As expected from Eq.~5!, there is a linear depen
dence with a unitary intercept forI50.

The main experimental results for the F3
1 centers are,

therefore, fairly well explained by the present theory, whi
can be applied to calculate the values ofW1 from the mea-
sured values of~tp!

21 and ~tr!
21 according to Eqs.~4! and

~5!, since the RES lifetimet0 is a known parameter. Figur
12 reports the value ofW1 thus obtained vs temperature b
assumingt054 ns, while Fig. 13 shows the values o
1/t r5W2 as taken from Fig. 8. For the sake of completen
it is worthwhile to note that the value ofW1, which is the
nonradiative transition rate between the singlet state1E1 and

FIG. 12. Transition probabilityW1 from the RES towards the
GTS as a function of temperature. The dashed line is the best fi
the experimental data with Eq.~8!.

FIG. 13. Transition probabilityW2 from the GTS towards the
URGS as a function of temperature. The dashed line is the be
of the experimental data with Eq.~8!.
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the triplet state3E1, reported here in Fig. 12 at RT, coincide
with the value obtained elsewhere independently with sim
techniques and analysis;27 this agreement represents a mu
welcome validation of the whole set of present results. A
way it is evident that, above 200 K forW1 and 275 K forW2,
a multiphonon process is involved in both transitions. T
whole behavior can be explained with a model for nonra
ative transitions of impurities in insulating crystals35–37 that
includes a spontaneous process and a stimulated one.
former involves the emission of a few phonons, while t
latter is characterized by a multiphonon emission and do
nates at high temperatures, where the average occup
number of phonons is higher. So the transition probabilit
are described by the following expression:

W~T!5hse
2DE/kT1hmS 1

12e2\v /kTD p, ~6!

whereDE is the activation energy for the spontaneous em
sion, hv is the energy of the phonon involved in the mu
tiphonon assisted processes, andp is the number of phonons
A best fit of the experimental data with this formula is show
in Figs. 12 and 13 by dashed lines, and the parameters
tained are given in Table I. The values of the excitati
energyDE are surprising small, especially for the transitio
probabilityW2, which below 250 K seems to require only
temperature-independent relaxation process. Anyway, le
ing this interest subject to future and more detailed inve
gations, it is important to note that at high temperatures
multiphonon term in Eq.~6! takes over the relaxation pro
cesses. As a consequence, from the results of Table I
possible to infer the energy separation of the GTS with
spect to the RES and URGS. Indeed,DE(1)5ERES2EGTS

>p1\v150.80 eV, while DE(2)5EGTS2EURGS>p2\v2
51.38 eV,which summed up give 2.18 eV, almost equal
the emission energy valueEe52.34 eV. Theenergies of the
phonons involved in the two radiationless transitionW1 and
W2 are\v1542.3 meV and\v2524.7 meV, of the same
order of magnitude as those of the phonon modes in L
which vary from 24 to 50 meV.38

VI. CONCLUSIONS

Almost all the experimental results on the optical prop
ties of F3

1 centers in LiF can be explained by introducing
triplet state. More precisely, only the ground level of t
triplet state seems to play a major role in the optical cycle
the wavelengths and pumping powers used in the pre
experiments. However, we cannot exclude a minor role o
excited level of the triplet state, which could explain a tim

TABLE I. Parameters of Eq.~6! derived by fitting the experi-
mental results of Figs. 12 and 13.

W1(T) W2(T)

hs ~s21! 4.43105 0.1
DE ~meV! 2.3 1
hm ~s21! 1.43104 3310213

\v ~meV! 42.3 24.7
p 19 56
r

-

e
i-

he

i-
ion
s

-

b-

v-
i-
e

is
-

,

-

t
nt
n

constant of the order of a fewms detected in the present wor
in emission measurements with a phase-tag techniqu
small pump-induced absorption band on the high-energy
of the F3

1 absorption band,27 and a resonant two-photon ab
sorption at 411 nm.26 We leave the analysis of these deta
to future investigations, which are necessary for a more co
plete description of the optical cycle of F3

1 centers. Indeed
there are conflicting interpretations of the most recent n
linear experiments, which result in different energy state l
outs for the F3

1 centers.26,27However our measurements an
interpretation have shown that the GTS sits;1 eV below the
RES, which is an important result to take into account in a
attempt to outline a configuration-coordinate energy d
gram.

Moreover the present work has shown that the grou
level of the TS can trap a sizeable fraction of the F3

1 popu-
lation, which therefore does not participate in the radiat
optical cycle. However, because of the temperature varia
of W1 andW2, shown in Figs. 12 and 13, this freezed pop
lation decreases with decreasing temperature. This effect
be calculated quantitatively by using Eq.~5!, the inverse of
which gives the steady-state population of the radiative
tical cycle, i.e., the emission intensity, under optical pum
ing. The results, reported in Fig. 14 for different values
U0, show that the emission intensity can be one order
magnitude higher at low temperature compared to RT.

It should be also pointed out that the numerical valu
reported in Fig. 14 depend, among other things, on know
exactly the lifetime of the RESt0. However, a detailed
analysis of previous works has shown that this parameter
not yet been very well determined. Indeed, the values
ported in the literature28–33 vary from 4 to 12 ns and do no
show a clear dependence on temperature,28 while impurities
such as Mg and Na seem to affect the values.29,30Moreover,
the measurements were carried out for crystals that w
poorly characterized as regards the F3

1 center content, with
the exception of the most recent measurement,t056 ns at
liquid-helium temperature,33 which however must be take
with extreme caution. Thus, good lifetime measurements
well-prepared samples are required in order to acquire b
knowledge and to calculate crucial parameters of the opt
cycle.

In conclusion, the optical cycle of the F3
1 center in LiF is

FIG. 14. n1(`)/n1
max alias the steady-state emission intens

under cw laser pumping, as a function of temperature for differ
values of the pump rate.



n
a
d

su
i

m
r
ite
or

p-

nd
er
re

Ja

e

s

t.
.

m

hy

.

i-

pt

E

.

da
li-

do

V.
l
ter

r-
n

sk,

C

,

17 514 54G. BALDACCHINI et al.
now sufficiently understood, and its basic parameters ca
derived in a first approximation and used as in Fig. 14,
though other measurements are under way to complete a
tailed description. These results show that, apart from a
prising increase of the emission above 270 K, which
useless from a practical point of view because of the ther
optical instabilities of the F3

1 center, better conditions fo
laser action exist at LNT with respect to RT, which in sp
of posing additional technical problems is still suitable f

*Present address: Pontificia Universidade Catolica do Rio de
eiro, Departamento de Fisica, Rio de Janeiro, Brazil.

†Institute of Molecular and Atomic Physics, Academy of Scienc
of Belarus, Minsk, Belarus.
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