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Radiative and nonradiative processes in the optical cycle of thegF 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 tfiedfter 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 excitedsF 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 stdi80163-18206)00148-§

[. INTRODUCTION the absorption and emission bands of different centers may
overlap each other, as is the case for thefid ;" centers.
Alkali halide crystals with color centers have been at thelt is well known that the excitation of the absorption band at
center of attention of the solid-state community since the~450 nm of a colored LiF crystal produces two emissions; a
beginning of this century and, besides a direct interest irgreen one peaked at535 nm, and a red one at670 nm.
their peculiar optical properties, they have been widely uti-Optical investigations and polarization measurements have
lized as prototype cases for more complex point defects ishown that the defects responsible for the green and red
crystals® In more recent times they have been actively stud-emissions are thesF and F, centers, respectivefi?. At RT
ied experimentally and theoretically to clarify fundamentalthe F;* absorption band has a maximum -a#58 nm and
processes of radiative and nonradiative transitfors)d  almost coincides with the Fabsorption band, whose maxi-
moreover they came to be well known as a suitable opticanum is at~441 nm. The overlapping of the two absorption
material for tunable solid-state lasers from the visible to thebands allows simultaneous lasing in the pulsed regime in the
near-infrared spectral regidnAmong such crystals, lithium green and red spectral regiol{s® However, such a coinci-
fluoride occupies a special place because it can host poimtence also causes serious difficulties in the preparation of
defects that emit efficiently even at room temperature and iactive media with low losses at the pumping wavelengths
is not hygroscopic, unlike the other salts. Studies on LiF{400—490 nm and in the laser oscillation of the;F color
based lasers have established that lasing at room temperaturenter(510—570 nm Moreover, investigation of the optical
(RT) and in the pulsed regime is possible in the spectraproperties of E" centers is prevented by the presence of F
ranges 0.65—0.74m (F, center$, 0.84—1.12um (F," cen-  centers, which are inevitably produced by bombardment with
ters, 1.09-1.26um (F,” centers, and 0.51-0.5%um (F;" ionizing radiation. More Fcenters are created at room tem-
center$,*~" although these centers suffer from bleaching ef-perature than at liquid-nitrog&h (LNT) and dry-ice
fects with the exception of the,F centers. Some interesting temperaturé®!®and a further decrease in their number can
applications, such as the generation of optical phase conjbe obtained by pumping the colored crystal with excimer
gation waves, have been implemented using the nonlinedaser radiation at 308 nif, which falls within the second
optical behavior of LiF crystals containing mainly;'F  absorption band of F centets!®
center$?® The present paper is devoted to an accurate study of the
In spite of the rich and still promising field of applied optical cycle of the E" center in crystals containing, as far
research, basic knowledge of the optical properties of mosis possible, just this center. Only in such extreme conditions
of the color centers in LiF is still lagging behind. First of all, is it possible to definitely confirm the existence and deter-
the F center, which is commonly associated with the absorpmine exactly the properties of a triplet stafewhich has
tion band at~250 nm, has not yet produced any emission,been invoked to explain a surprising emission intensity
although a little luminescence is theoretically expedfed.  quenching at~535 nm under strong optical pumping of the
However, such emission would be difficult to observe asabsorption band at-450 nm. This same decreasing of the
according to the hydrogenoid model of the F center imbedemission intensity has also been ascribed to a reduction of
ded in a dielectric mediurf, it should appear a+~900 nm.  luminescence quantum yield with temperattitgnd to a
This is the region whereF center luminescence is emitted, complex photochemical process involving both dhd R*
and it is impossible to produce samples without at least a fewenters%2! 1t is of the utmost importance to carry out further
of these centers, which besides their fundamental band axperiments with well characterized crystals, concerning
~630 nm also absorb at250 nm. Second, it is not possible various color centers, in which the temperature is well con-
to color LiF additively; it can only be colored by various trolled. The work done for these purposes has been orga-
irradiation techniques that produce both F and more complerized as in the following. In Sec. Il the preparation of the
centers. These centers are often transformed one into anotHaF crystal and the experimental apparatus is described in
under either pumping or thermal cycles, or under both, andletail, while the most significant experimental results are
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FIG. 1. Absorption spectrum at RT ofyirradiated LiF crystal 500 600 700 800

before(dashed lingand after(solid line) excimer laser pumping. Wavelength (nm)

presented in Sec. lll. The optical cycle and the rate equations . . .

with a few significant solutions pertinent to the results of this eler(e;'i dZZiISEer?jlslisl’I];nasgegfttterSS: dﬁ;;f ?)lrcrii']CjeI?tle;Sé_:F SKSE‘;"

work are discussed in Sec. IV. Data relative to the theoretical . . L . ) N pumping
; . ) ."Obtained by excitation with the 457-nm line of an"Alaser.

model are discussed in Sec. V, followed by conclusions in

Sec. VI.
lock-in technique and acquired by an A/D system. A scanner

was also used on the laser beam to study transient phenom-
ena. In order to avoid any appreciable local heating the
LiF crystals containing impurity ions at less than 10 ppmPower of the pumping laser never exceeded 100 mW on the
were colored withy rays from a®°Co source at dry-ice tem- crystals, and the laser beam was not focused. Moreover the
perature. The samples used in the experiments measur&0 big flat faces of the crystals were mounted tightly be-
~20x40x1.15 mn¥; they were subjected to an exposure tween two gold-plated copper pieces of the cold finger of the
rate of 0.7 kC/kg h(equivalent to 2.781¢° R/h) and an  Cryostat in order to assure a good thermal contact for dissi-
iradiation dose of 7 kC/kg. After irradiation the crystals Pating the absorbed energy of the laser beam. Absorption
contained mainly F, 5 F;, and i* centers. Figure 1 shows SPectra before anq after each emission measurement were
a portion of the absorption spectrufdashed ling of one  obtained by a Perkin EImex19 spectrophotometer. The ab-
such Crysta| Containing ZF(more and F\;’ (feweD centers Sorptlpn at a fixed WaVeIength O'f 460 nm.under 4.-57-nm laser
absorbing at 445 nm and,Eenters absorbing at 375 nm. Pumping was monitored by using the filtered light from a
The F band, not shown in Fig. 1, had an absorption-aD  tungsten lamp and the same experimental setup.
optical density. By pumping the crystal with the 308-nm line
of an excimer laser at RT, the, Eenters were destroyed and
transformed into §" centers, as clearly shown by the corre-
sponding absorption spectruaolid line): the much wider A marked decrease in luminescence accompanied by a
absorption band and the peak slightly shifted toward longeslight color change from green to green-yellow were ob-
wavelengths indicate a predominance of Fcenters®!®  served in the first few seconds of laser pumping. This re-
This transformation can be seen with the naked eye, since iharkable phenomenon is reported quantitatively in Fig. 3,
is accompanied by the crystal changing from yellow afterwhere the time evolution of the;F emission at 530 nm after
coloration to a greenish shade following UV exposure. How-switching on the 457-nm excitation is shown at RT and LNT.
ever, a final check was made by means of emission measuré&he initial intensity decays exponentially towards a steady-
ments, exciting the samples with the 457-nm line of afi Ar state value with constant pumping power. This behavior is
laser. Figure 2 shows the luminescence spectra at RT takesimilar, but with different time and intensity scales, for all
before(dashed lingand after(solid line) UV exposure. The the pumping powers and wavelengths within thé Emis-
F," band emission increases with respect to and at the exion band? In particular, the initial(transient and the final
pense of the fband emission after exposure. (stationary values of the emission intensity unambiguously
A sample containing a majority of;F centers and a lot of show, respectively, a linear dependence and a saturation ef-
F centers was prepared using the above procedure and studet with pumping power. In the same conditions, the weak
ied experimentally. Emission measurements were taken ituminescence of the remaining Eenters, peaked at 670 nm,
both collinear and perpendicular geometries of the pumpingloes not show any time evolution or saturation effects,
source and the detector, with the sample placed in a variablevhich are evidently originated only by;F centers. Similar
temperature cryostat. The 457-nm line of an'Aaser was behavior was also observed in a LiF crystal colored at RT
used to excite the §£ color centers, and a photomultiplier with a 30-keV electron beat.Once the emission reaches
with S20 response monitored the emission filtered by dahe stationary value, it remains there as long as the laser
25-cm focal length monochromator. The pumping light waspumping power is kept constant. However, a complete re-
modulated by a chopper and the signal analyzed by theovery of the luminescence is obtained when the pump laser

Il. EXPERIMENTAL PROCEDURES

Ill. EXPERIMENTAL RESULTS
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) shown in Fig. 4, both at RT and LNT.
| A The time behavior of the signal variations in Figs. 3 and 4
can be described by exponential curves with a unique time
0 U T TR W W T W T N W - constantr, (pumping when the laser is switched on, amd
0 2 4 6 8 10 12 (recovery when the laser is switched off. Figures 5 and 6
show two typical best fits to exponential functions of the
Time (s) experimental results at LNT and RT, respectively, and the

agreement is very good. The time constgntvas then mea-
FIG. 3. Time evolution of the normalized emission at 530 nmgsyred as a function of pumping power at different tempera-
after switching on the laser excitation at 457 nm with a power oft,res hoth in emission and in absorption experiments. Figure
42.5 mW at RT and LNT. 7 reportsz, vs pumping intensity at RT and LNT, as taken
. . . from absorption signals. Similar values were also obtained
is switched off long enough and on again. For a more COMy. |yminescence signals. The time constantdoes not
plete picture of the phenomenon, the time evolution of thedepend on the pumping power: its dependence on the tem-

absorption peak after switching the laser exciting light Ongerayre is reported in Fig. 8, as derived from absorption
and off was also investigated. After switching on the 'asersignals.

the sample absorption decreased to a different equilibrium
value, and removal of the laser light resulted in a spontane-

ous recovery towards the initial value of the absorption, as IV. OPTICAL CYCLE AND RATE EQUATIONS

The experimental results in Sec. Il indicate the existence

of a long-lived state in the optical cycle of thgFcenter,
045 capable of momentarily trapping the electronic excitation. In
LNT previous work§"?4?it was suggested that this energy level
0.3 | I “ | could be a triplet state, and Fig. 9 shows the energy-level
Ltoon om faser | diagram. The " center can be excited from the ground-
o 4’ i state(GS) *A; to the first excited statéE¥ by optical pump-
. ing Uy#0. After a relaxation time of the order of ps, the
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FIG. 4. Time evolution of the absorption at 460 nm after switch-  FIG. 6. Time dependence of the absorption at RT after switch-
ing the laser excitation on and off at 457 nm with a power of 42.5ing off the pump laseKcircles and best fit with an exponential
mW at RT and LNT. curve with a unique time constamf=4.86 s(solid line).
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FIG. 7. Time constant, as a function of pumping power at RT ) ]
and LNT, measured from absorption. FIG. 9. Energy-level diagram of thesF center showing the

radiative(—), nonradiativg-----), and relaxation transitions- - - -).
excitation reaches the relaxed excited st®ES 1E1, from
where it can decay radiatively, with a time constatto the dn,
unrelaxed ground statdJRGS 1A’{, or reach, through a E:ﬂLUo”o—
nonradiative transition and with probability/;, the ground
triplet state(GTS) °E,. From the triplet state the excitation dn
can reach, through another nonradiative transition with prob- — 2= £ W,;n;—W,n,,
ability W,, the unrelaxed ground-staté¥. From here the dt
excitation eventually relaxes to the ground state in a time of
the order of ps. Thus, the triplet state acts both as a trap for N=ng+n;+n,, 1)
the excited population and as an efficient quenching of the ) .
emission. The possibility of an optical excitation to the WhereN is the number of 3" centers per crhand the pump
higher-energy triplet statdA,, which has recently received rate out of the GS is given by
some attention&?’ has not been considered at this stage
because it does not have relevant consequences on the U= e @)
present experimental and theoretical analysis, as it will be 0= 90 ARy’
shown later on.

By considering that the lifetimey, of the RES is of the With 0,=7.1x10"" cn* at A=460 nm3* and wherel is the
order of a few ngRefs. 28—3Band that the pump rate out of pumping laser power the laser focusing area on the crys-
the GS,U,, could be~10° s™* at the maximum power used tal, andhv the energy of the laser photon. In the present
in the present experiments, it follows that only the GS, RESexperimental conditions, where the laser beam is not fo-
and GTS states retain an appreciable population during theused,Uy(s™)=5260x1(W), and, as the power never ex-
optical cycle. Therefore, by limiting the study to these threeceeds a few hundred mW, it is alwayg,<1, which means
states, the optical cycle is described by the following ratehat saturating conditions can be excluded. If it is also as-

: +w)
7o 1|N1,

equations: sumed thatr, '>W, ,W,, as demonstrated later on, the tem-
poral solutions of Eq(1) to a sudden pumping excitation
ﬂ: U +i Nt Won (Ug=0 for t<0 andUy#0 for t=0), with the initial condi-
dt oro T e tions given byn;(0)=n,(0)=0, ny(0)=N, are expressed
as follows:
12
anm n (t)zN; 14+ Ugrg — e U7
T —
sk | 070 7,
< ]
> 6F
i . UgT %
4k Y 0’0 W2
Nny(t)=NUg7y| —e "0+ W
2k + 7
.. 1 UOTO W2
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Xe—t/7+ ,
FIG. 8. Time constant; as a function of temperature measured 1+Ug7g 1
from absorption. W,
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shown atl =0. The dashed line is the linear best fit. Temperature (K)
W; FIG. 12. Transition probabilitW,; from the RES towards the
UoTo Wz GTS as a function of temperature. The dashed line is the best fit of
ny(t)y=N —— —[1—e V7], (3)  the experimental data with E¢8).
W,
1+ UOTO W
2 signals[Eqg. (5)], to the pump raté), and to various intrinsic

where parameters of the optical cycley, W,, and W,. We can
now verify the validity of the model in relation to the experi-
1 mental results of Sec. Ill.
;:(U070W1+W2)' (4) Figures 10a) and 1@b) show the values ofr,) ™ as a
function of pumping intensity, obtained at RT from the emis-
Thus, the populations of the three states are governed bysion measurements and at LNT from the absorption measure-
fast time 7y, which is the lifetime of the RES, and a much ments, respectively. A straight line fits the experimental
slower time 7, which coincides with the pumping time, points very well, as expected from E@l). The intercept at
measured in the preceding kinetic experiments. Moreoven,=0 coincides, as required by the model, with the value of
when the pumping intensity is switched off abruptly, theW,=(r,)"! as determined independently from absorption
populations of the GS and GTS change exponentially, agecovery time measurements.
clearly indicated by Eqg1), with a time constan¥V, * that Figures 11a) and 11b) show the ratio of the initial and
coincides with the recovery time . final values of the=;* luminescence and the,™ absorption
From Egs.(3) it is also possible to calculate the ratio at LNT and RT, respectively, as a function of the pumping
between the initial and the final value of both the lumines-intensity. As expected from E@5), there is a linear depen-
cence(see Fig. 3 and the absorptiofsee Fig. 4, which are  dence with a unitary intercept for=0.

given by the same expression: The main experimental results for the Fcenters are,
max therefore, fairly well explained by the present theory, which

n;—  ng(0) 14U W, 5  can be applied to calculate the valuesvdf from the mea-

ny(e) Ng(e) 070y, ®  Sured values ofr,) " and () ' according to Egs(4) and

(5), since the RES lifetimey is a known parameter. Figure
2 reports the value diV; thus obtained vs temperature by
ssuming 7,=4 ns, while Fig. 13 shows the values of

wherenT® is the maximum value of the population of the
RES just after switching on the pumping laser, i.e., at leas

after ~3rp. 1/7,=W, as taken from Fig. 8. For the sake of completeness
it is worthwhile to note that the value &/;, which is the
V. DISCUSSION nonradiative transition rate between the singlet stateand
The model of the E" center, represented schematically in
Fig. 9, after some mathematical manipulations gives a few 1.0k
simple formulas that relate measurable quantities, such as the L .'
pumping timer, [Eq. (4)] and the absorption and emission 0.8} 1
Lo - 1
206} ’
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FIG. 11. Ratio of initial and final intensity of emissiga) and FIG. 13. Transition probability’/, from the GTS towards the

absorptionb) as a function of laser pump intensity at LNT and RT, URGS as a function of temperature. The dashed line is the best fit
respectively. of the experimental data with E(B).
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TABLE |. Parameters of Eq(6) derived by fitting the experi-

mental results of Figs. 12 and 13.
Wy(T) Wo(T)
hs 571 4.4X10° 0.1
AE (meV) 2.3 1
hm (579 1.4x10* 3x107%
hiw (MmeV) 42.3 24.7
p 19 56
the triplet stat€E,, reported here in Fig. 12 at RT, coincides 50 100 150 200 250 300
with the value obtained elsewhere independently with similar Temperature (K)

techniques and analysi§this agreement represents a much

welcpr_ne validation of the whole set of present results. Any- g 14. ny(>)/nT™ alias the steady-state emission intensity
way it is evident that, above 200 K fo; and 275 K folW,,  ynder cw laser pumping, as a function of temperature for different
a multiphonon process is involved in both transitions. Theyajues of the pump rate.

whole behavior can be explained with a model for nonradi-

ative transitions of impurities in insulating cryst&is®’ that  constant of the order of a femws detected in the present work
includes a spontaneous process and a stimulated one. The emission measurements with a phase-tag technique, a
former involves the emission of a few phonons, while thesmall pump-induced absorption band on the high-energy side
latter is characterized by a multiphonon emission and domief the K" absorption band’ and a resonant two-photon ab-
nates at high temperatures, where the average occupatisorption at 411 nmi® We leave the analysis of these details
number of phonons is higher. So the transition probabilitiego future investigations, which are necessary for a more com-

are described by the following expression: plete description of the optical cycle of Fcenters. Indeed
there are conflicting interpretations of the most recent non-
o AEKT 1 P linear experiments, which result in different energy state lay-
W(T)=hse | g | ()  outs for the §* center€®2” However our measurements and

interpretation have shown that the GTS sit$ eV below the

whereAE is the activation energy for the spontaneous emisRES, which is an important result to take into account in any
sion, hw is the energy of the phonon involved in the mul- attempt to outline a configuration-coordinate energy dia-
tiphonon assisted processes, g@nid the number of phonons. gram.
A best fit of the experimental data with this formula is shown Moreover the present work has shown that the ground
in Figs. 12 and 13 by dashed lines, and the parameters okevel of the TS can trap a sizeable fraction of thg popu-
tained are given in Table I. The values of the excitationlation, which therefore does not participate in the radiative
energyAE are surprising small, especially for the transition optical cycle. However, because of the temperature variation
probability W,, which below 250 K seems to require only a of W; andW,, shown in Figs. 12 and 13, this freezed popu-
temperature-independent relaxation process. Anyway, leavation decreases with decreasing temperature. This effect can
ing this interest subject to future and more detailed investibe calculated quantitatively by using E&), the inverse of
gations, it is important to note that at high temperatures thevhich gives the steady-state population of the radiative op-
multiphonon term in Eq(6) takes over the relaxation pro- tical cycle, i.e., the emission intensity, under optical pump-
cesses. As a consequence, from the results of Table | it ing. The results, reported in Fig. 14 for different values of
possible to infer the energy separation of the GTS with relU,, show that the emission intensity can be one order of
spect to the RES and URGS. IndeefEV=Egs— Egrs  magnitude higher at low temperature compared to RT.
=p,;h0,=0.80 eV, while AE@=Egrs— Eyres=pofiw; It should be also pointed out that the numerical values
=1.38 eV,which summed up give 2.18 eV, almost equal toreported in Fig. 14 depend, among other things, on knowing
the emission energy vallg,=2.34 eV. Theenergies of the exactly the lifetime of the RESy. However, a detailed
phonons involved in the two radiationless transitidlp and  analysis of previous works has shown that this parameter has
W, arefiw,=42.3 meV andiw,=24.7 meV, of the same not yet been very well determined. Indeed, the values re-
order of magnitude as those of the phonon modes in LiFported in the literatur@3vary from 4 to 12 ns and do not
which vary from 24 to 50 meV?® show a clear dependence on temperaftirghile impurities
such as Mg and Na seem to affect the vakie Moreover,
the measurements were carried out for crystals that were
poorly characterized as regards thg Eenter content, with

Almost all the experimental results on the optical proper-the exception of the most recent measuremegit6 ns at
ties of K" centers in LiF can be explained by introducing aliquid-helium temperaturg® which however must be taken
triplet state. More precisely, only the ground level of thewith extreme caution. Thus, good lifetime measurements on
triplet state seems to play a major role in the optical cycle atvell-prepared samples are required in order to acquire basic
the wavelengths and pumping powers used in the presekhowledge and to calculate crucial parameters of the optical
experiments. However, we cannot exclude a minor role of amrycle.
excited level of the triplet state, which could explain a time  In conclusion, the optical cycle of theFcenter in LiF is

VI. CONCLUSIONS
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now sufficiently understood, and its basic parameters can bleiF crystals if we take into account their good physical prop-
derived in a first approximation and used as in Fig. 14, alerties.
though other measurements are under way to complete a de-
tailed description. These results show that, apart from a sur-
prising increase of the emission above 270 K, which is
useless from a practical point of view because of the thermo- The authors gratefully acknowledge Dr. T. T. Basiev and
optical instabilities of the & center, better conditions for L. Bosi for helpful discussions and Dr. E. De Nicola for her
laser action exist at LNT with respect to RT, which in spite contribution in the last stage of the work. Many thanks are
of posing additional technical problems is still suitable foralso due to A. Pace for his technical assistance.
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