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SUMMARY

Optical absorption and emission spectra have been measured in LiF crystals colored with y -
rays. The optical bands of various samples, suitably treated in order to create different relative
concentrations of F2 and Fj defects in the crystal lattice, have been studied in detail at 77 K

and at room temperature, and resolved into their components. An accurate determination of the
spectroscopic parameters of the absorption and emission bands of the aggregated defects in LiF
has been achieved, and a critical comparison with previous data has been performed.

(INORGANIC COMPOUNDS - COLOR CENTERS - OPTICAL PROPERTIES)

RIASSUNTO

Sono stati misurati gli spettri di assorbimento ed emissione in cristalli di LiF colorati con raggi
y. Le bande ottiche dei vari campioni, trattati opportunamente in modo da produrre differenti

concentrazioni relative dei centri di colore F2 e F3 , sono state studiate in dettaglio a 77 K e a

temperatura ambiente, e risolte nelle loro componenti. I parametri spettroscopici delle bande di
assorbimento ed emissione sono stati misurati con cura e paragonati criticamente con i dati
precedentemente noti dalla letteratura.
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PEAK FREQUENCY AND LINEWIDTH OF THE

OPTICAL BANDS OF F2 AND F^ CENTERS IN LiF

1-INTRODUCTION

Recent important technological applications in the areas of color center laser [1,2], radiation
dosimetry [3] and integrated optics [4-6] have increased considerably the attention of the
scientific community toward the physical properties of LiF, a material traditionally employed
in the production of high-quality optical elements to be used in the infrared, visible, and
particularly in the ultraviolet region of the electromagnetic spectrum. In spite of its typical
ionic structure, LiF represents an exception among alkali halides because of its peculiar
physical and chemical behaviors. Besides the wide spectral range of optical transparency from
110 nm to 9 u.m, it is worth mentioning its melting point at 842 °C, lower than the expected
value for the series of alkali fluorides, and its extremely low water solubility. As far as
intrinsic point defects are concerned, LiF crystals cannot be colored with the usual techniques
of additive coloration, and color centers are produced only with ionizing radiations [7]. Such a
method involves the simultaneous generation of isolated F centers (namely, anion vacancies
trapping electrons) and of more complex defects formed by F- aggregation, such as F^, FT, or
those formed by their ionization. The coexistence of all these point defects, which in LiF
appear in general to be very stable [1,2], causes several problems not only for fundamental
studies of the individual defects, but also for their use in technological device developments.
In principle, most of the applications require only one kind of optically active centers, so that
suitable optical and/or thermal treatments must be adopted in order to eliminate as much as
possible other unwanted defects in the crystals. These procedures must be carried out with
particular additional care because the optical bands of various defects often overlap each
other, and the spectroscopic features of several absorption and luminescence peaks are not
known with sufficient accuracy. From this point of view, a typical example is given by F2



Table I - Value of the parameters of absorption and emission bands (E= peak position, W=halfwidth) for
F2 and /^centers in LiF as derived from the literature

Center

h

n

Ea(eV)

(nm)

2.81

441

2.79
445
2.71
458

2.71
458

2.71
458

279
445

Ee(eV)

(nm)

1.85

670

1.85
670
2.35
528

2.35
528

2.30
539

2.31
537

Wa(eV)

0.134

0.176

0.186

*0.237

*0.238

*0.322
0.347

*0.31

We(eV)

0.279

0.242

0.218

0.238
0.328
0.347

0.32

Temperature

LNT

RT

LNT

RT

Ref

8

8

2

8

9

10
8
2

10

* Value derived from excitation spectra

and F$ centers, which have their optical absorption bands practically coincident at about
450 nm [8], and their photoluminescence bands, peaking at about 670 and 530 nm,
respectively, partially overlapping especially at room temperature. For this reason, the
spectroscopic parameters of such bands are not known with accuracy nowdays, and Table I
shows the spread of peak positions and halfwidths as reported in the literature. In this work, a

systematic study has been performed on the optical bands of F^ and F$ centers, produced
under various irradiation conditions and measured at different temperatures. The consequent
accurate determination of their spectroscopic parameters represents a much needed support
for future investigations on the optical properties of these types of color centers in LiF and on
their use in technological applications, mainly in color center lasers operating at room
temperature.

2 - EXPERIMENTAL PROCEDURE

Samples used in the experiments were taken from a high purity single crystal of LiF, supplied
by the Institute of Molecular and Atomic Physics, Minsk, Belarus (former Soviet Union) and



polished. The procedure for the specimen preparation required samples of the same thickness,
in order to obtain similar optical and thermal properties. For this reason, a slice of 1.15 mm of
thickness was cleaved from the boule and divided in two parts. The two pieces were kept at
different temperature conditions, namely one at room temperature (RT) and the other one at

-60 °C, and both were exposed to y-ray irradiation from a ^^Co source (dose rate on the
sample 0.7 kC/kg h, total dose 7 kC/kg). After these treatments, each one of the two crystals,
both showing at this stage uniform colorations, was further divided in two parts. One part of
the crystal irradiated at RT was kept untreated, while the other one was annealed at 200 °C for
about 20 minutes and then cooled quickly to RT. One piece of the crystal irradiated at low
temperature was kept unmodified, while the other one was illuminated at room temperature
for about 1 hour with the 308 nm radiation of a XeCl excimer laser. In this way, four different
samples were obtained, labeled A, B, C and D, respectively, and their preparation conditions
are summarized in Table II.

Optical absorption spectra at RT and at 77 K (LNT) were measured with a Perkin-Elmer A19
Spectrophotometer in the spectral range from 190 to 900 nm. Photoluminescence was
optically excited by the 458 nm line of an Ar ion laser (properly filtered to eliminate any
spurious contribution and suitably chopped), and revealed in a collinear geometry by means
of a detection system (formed by a 22 cm focal length monochromator and a S20
photomultiplier) coupled to a lock-in amplifier. The emission data were carefully corrected
for the instrumental response. All optical spectra have been recorded and best fitted with the
sum of single Gaussian bands.

Table II - LiF crystals used in this work and conditions of their coloration and photothermal treatment

Sample
A

B
C

D

Treatment
Colored at RT with y-rays

Colored at RT with y-rays and annealed at 200°C for 22'

Colored at -60°C with y-rays

Colored at -60°C with y-rays and irradiated with 308 nm UV light at RT

3 - EXPERIMENTAL RESULTS

The treatments previously described for the four LiF crystals were adopted in order to create
different situations for the aggregated centers in the samples. Irradiation with y-rays produces
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in general big amounts of F centers and smaller concentrations of F$ and F2 defects.

However, the ratio between the concentrations of these two last centers is expected to be

higher under low temperature irradiation (namely, in sample C with respect to sample A)

[11,12]. Moreover, UV irradiation at RT should strongly decrease the concentration of F2

centers at the advantage of that of /^defects (sample D) [13], while the annealing and

quenching procedure is expected to eliminate almost completely the F$ centers (in sample B)
[14, 10]. Therefore, the analysis of the optical spectra should reflect these different situations,
and similar values of the spectroscopic parameters for the same optical bands must be
obtained. The last point has been taken into account in the best fit procedure which was
governed by the following criteria: (i) the same Gaussian curves, of course with different
amplitudes, should fit all four spectra measured at the same temperature (this requirement is
simplified by the fact that in one of the crystals, sample B, there are practically only F2

centers and in another one, sample D, practically only F$ centers) and (ii) with increasing

temperature the peak positions should shift toward lower energies and the bandwidths should

increase, while the ratio between the areas of the two Gaussian curves in the absorption

spectra should be constant in each sample, because the number of F2 and F3
+ centers do not

change. Contributions due to small amounts of more complex aggregate defects in the

absorption spectra (the R2 band of F3 centers at 3.31 eV [15] and the Â  band of F4

centers at 2.4 eV [16]) were neglected, and the best fit procedure restricted to the energy

range from 2.2 to 3.1 eV.

Figure 1 shows the absorption spectra at LNT of the four samples described above between

2.2 and 3.5 eV, namely in the spectral range where the F2 and F$ main absorption bands lie.

Due to the pronounced overlap between the two bands, only one asymmetric absorption curve

is observed at about 2.8 eV (443 nm). By using the fitting procedure and the criteria (i) and

(ii), two different Gaussian curves have been resolved with the following results. In sample B

the value of the F$IF2 concentration ratio is the smallest one, 0.4, as expected because of the

thermal treatment, so that the band is really mostly consisting of the F2 absorption. In sample

D, on the contrary, the concentration ratio is the highest one, 27, which demonstrates the

efficiency of the UV irradiation in the annihilation of F2 centers. Passing from RT irradiation

(sample A) to low temperature irradiation (sample C), the concentration ratio changes from

0.9 to 3.1, as expected because of the lower efficiency in the formation of F2 defects at low

temperature. In case of correctness of the whole procedure, the previous data should be

confirmed by the measurements at RT, which are displayed in Fig. 2. By taking into account

the experimental uncertainties and the limitation of the method, the results are really
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Figure 1 - Absorption spectra at 77 K ofLiF crystals (samples A, B, C, D, see Table II). The data (solid line)

are fitted with the sum (dotted line) of Gaussian curves (dashed lines).

satisfactory. Indeed the F$ IF2 concentration ratio is unchanged for sample B, exhibits a very

small variation for sample D (from 27 to 26) and acceptable changes for sample A (from 0.9to

1.1) and sample C (from 3.1 to 3.3). Moreover, by assuming an oscillator strength of 0.5, a

maximum concentration of F2 centers equal to O.8OxlO17 cm'3 is reached in sample B, while

for /^centers a value of 0.51xl017 cm'3 is achieved in sample D. The good agreement

between experimental and calculated absorptions excludes any significant presence of

colloids, whose absorption in LiF is located around 2.54 eV (450 nm) [15, 16]. Anyway the

spectroscopic parameters of the /^ and F$~ centers obtained by the fitting are reported in

Table III and will be discussed later on.

Figure 3 shows the luminescence spectra of the four above crystals, measured at LNT under
excitation at 458 nm, between 1.6 and 2.5 eV where the emission bands of the i^ and

F3
+centers lie. These bands, peaking at about 1.84 eV (674 nm) and 2.33 eV (532 nm),
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Figure 2 - Absorption spectra at room temperature ofLiF crystals (samples A, B, C, D, see Table II). The data
(solid line) are fitted with the sum (dotted line) of Gaussian curves (dashed lines).

respectively, overlap each other much less than the corresponding absorption bands. As a
consequence, the fitting procedure has been carried out with higher confidence and supplied

the following results. In sample B the F^ luminescence is very weak with respect to that of

F2 centers, as expected in a crystal where the concentration of the ionized centers was

strongly reduced by the thermal treatment. In the case of sample D the F2 luminescence is

barely detectable, so that the spectrum consists essentially of F^ emission, which is the
consequence of the UV irradiation carried on the sample. In samples A and C both emission
bands show appreciable intensities, and of course the Fi centers exhibit a relatively less
intense luminescence in the sample irradiated at low temperature due to their lower formation
efficiency. As it happened for the case of the optical absorption, all these observations are
expected to be confirmed by the emission spectra measured at RT for the four crystals, shown
in Figure 4. This is qualitatively verified, but it is worth noticing that in all spectra the
intensity of the i^ band appears to be relatively much higher than that measured at LNT.
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Figure 3 - Emission spectra at 77 K ofLiF crystals (samples A, B, C, D, see Table II) excited at 458 nm. The
data (solid line) are fitted with the sum (dotted line) of Gaussian curves (dashed lines).

This result is not surprising, because of the occurrence of two different effects: (i) the red
shift with increasing temperature of the peak position of the Fi absorption band, more

pronounced than that of the F$~ absorption (see Table I), and so a bigger pumping efficiency

at 458 nm, i.e. 2.71 eV; (ii) the decrease at RT of the F^ emission intensity with respect to

that at LNT caused by a triplet state which traps nonradiatively a sizeable fraction of F$

centers [17].

Anyway, all luminescence data are satisfactorily explained and give a comprehensive picture
of the emission properties in all crystals, whose spectroscopic parameters are summarized in
Table III.
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Figure 4 - Emission spectra at room temperature ofLiF crystals (samples A, B, C, D, see Table II) excited at 458

nm. The data (solid line) are fitted with the sum (dotted line) of Gaussian curves (dashed lines).

Table III - Values of the parameters of absorption and emission bands (E=peak position, W=halfwidth)
for Fy and F$ centers in LiF as derived from the present work

Center

F2

F2

p+

F?

Ea(eV)

(nm)

2.82

440
2.79
444
2.77
448

2.77
448

Ee(eV)

(nm)

1.84

674
1.83
678
2.33
538

2.29
541

Wa(eV)

0.13

0.16

0.23

0.29

We(eV)

0.29

0.36

0.22

0.31

Temperature

LNT

RT

LNT

RT
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4 - DISCUSSION AND CONCLUSIONS

Let us now come to the discussion of the results of the calculations on the optical bands at two
different temperatures of the aggregated centers in LiF, by looking at the values of the
parameters listed in Table I. The peak of the F2 center absorption band is found at 2.82 eV
(440 nm) at LNT and is shifted to 2.79 eV (444 nm) at RT, while its halfwidth increases from
0.13 to 0.16 eV. These values agree quite well with the data of the previous measurements
with the exception of the halfwidth at RT which is now found to be appreciably lower (11%).

The absorption band of the /§*" center does not show any thermally induced red shift, its peak

position at 2.77 eV (448 nm) being unchanged with increasing temperature, whereas its
halfwidth passes from 0.23 eV at LNT to 0.29 eV at RT. In this case, there is an evident
disagreement with the previously reported data, indicating for the peak position the value of
2.71 eV (458 nm) at both LNT and RT (and an alternative RT value at 2.79 eV (445 nm)), and
for the halfwidth values appreciably larger than 0.3 eV at RT (12% of average relative
difference). However, it is worthwhile to remember that several previous values were deduced
from the excitation spectra of luminescence, a procedure less accurate than direct absorption
measurements.

The peak of the emission band of the F2 center is found at 1.84 eV (674 nm) at LNT and at

1.83 eV (678 nm) at RT, while its halfwidth changes from 0.29 to 0.36 eV. Among the

parameters of the previous measurements reported in Table I, the value of the peak position

(1.85 eV at both temperatures) is not incompatible with the present data, but the value of the

halfwidth (0.28 eV measured only at RT) shows a disagreement of 22%. In the case of the F3
+

emission, its peak is at 2.33 eV (532 nm) at LNT and moves to 2.29 eV (541 nm) at RT,

whereas its halfwidth increases from 0.22 to 0.31 eV. It is worth noticing that the red shift of

the emission bands between LNT and RT is much more pronounced for F^ centers than for

/^centers, which is just the opposite with respect to the absorptions. As a consequence, the

relative variation of the Stokes shift is larger for the F^ defect. The comparison with the

previous values in Table I shows in this case reasonable agreements for both peak position
and halfwidth.

From the above results it is evident that the present systematic and careful investigation on the

optical bands of F2 and F$ aggregated centers in LiF produced results useful for researchers

involved in studies on the optical properties of these color centers and on their applications.

Several and not negligible discrepancies have been found in the spectroscopic parameters

with respect to the values reported in the literature, and clearly their accurate determination

was needed in order to reduce the uncertainties and supply more reliable data for the optical
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bands of F^ and F$ defects in LiF crystals, which are now almost completely

characterized. Moreover, the experiments have fully confirmed the validity of the procedures

adopted in order to modify the relative concentrations of F2 and F$ centers in LiF, giving

semiquantitative estimates of the effects of the conditioning processes. It is also interesting to
note that, in spite of a more pronounced production of Fi centers under RT irradiation

(Figures I and 2, A versus C), their concentration is not much larger than that of F$ centers

in such conditions. This means that the F> concentration cannot become predominant by

changing only the irradiation temperature, which is in contrast with previous conclusions

[11,12], but also the quenching procedure is requested to further remove F$ centers.
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