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Abstract. In colored LiF crystals there are many absorption and emission bands which cover a wide region
of the spectrum from 200 up to 1300 nm without breaking the continuity. In the frame of these favourable
conditions we have performed some experiments of energy transfer among various color centers. The results
indicate the existence of efficient exchanges of radiative energy among several bands by using only one
exciting wavelength. In particular, the emissions of the F; and F, color centers centered at 900 and
1100 nm, respectively, have been observed by pumping at 672 nm completely outside their absorption

bands.

PACS. 61.72.Ji Point defects (vacancies, interstitials, color centers, etc.) and defect clusters —
78.40.Ha Other nonmetallic inorganics — 78.55.Fv Solid alkali halides

1 Introduction

LiF occupies a special place among the alkali halide crys-
tals because it is not hygroscopic, possesses good physi-
cal and optical qualities, and it can host a rich zoology
of different species of color centers (CC) stable at room
temperature (RT). Figure 1 shows the absorption spec-
trum at RT of a crystal of LiF irradiated with a beam of
5 MeV electrons, and the various bands correspond to dif-
ferent CCs as indicated. Although CCs in LiF have been
studied since long time [1], they cannot be produced by
using the usual additive coloration method but only by
means of ionizing radiations, and the F center associated
with an absorption band around 250 nm does not produce
any emission under optical excitation [2]. However, just to
compensate the previous drawbacks, many of the CCs dis-
played in Figure 1 possess efficient emissions which have
been used in solid state lasers operating in pulsed regime
at RT [3,4].

Figure 2 shows schematically the absorptions and the
corresponding emissions of several of the above known
CCs. They cover the visible and the near infrared region
of the spectrum almost in a continuous way. However, it
is not possible to control the concentration of the various
CCs in the same crystal and at the same time. Indeed,
the production of the various types of CCs proceeds es-
sentially according to their complexity. So, initially the F
centers, which are the simplest and often a model case
among the other more complex CCs, are produced and
successively the Fy, F3, Fy and the positive and negative
ionized species of them follow up with decreasing concen-
tration. In conclusion, while it is possible to produce a
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Fig. 1. Absorption spectrum at RT of a LiF crystal 0.5 mm
thick colored at RT with 3 MeV electrons. The band M con-
tains the F7 and F2 bands which overlap each other almost
completely.

crystal with mainly F centers, a crystal with an apprecia-
ble amount of F;f and Fo centers will contain always or-
ders of magnitude more of F centers. However, it has been
well established that also in these inflationary conditions
it is possible to study the properties of the single CCs,
as it is the case for the well-known F3 and Fy CCs [5].
Indeed, although they possess their absorption bands al-
most overlapped and their optical properties are heavily
tangled each other, it is still possible to sort them out.
Analogous interactions exist among others CCs in LiF
shown in Figures 1 and 2. In particular, in this work we
would like to address the optical properties of the F4-like,
F; and F;, CCs, which absorb just outside the visible
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Fig. 2. Absorption and emission bands in a colored LiF crystal
at RT, outlined as normalized Gaussian curves, of the known
color centers which possess also emission.

region in the near infrared region of the spectrum, and are
formed with four (7), four and three electrons trapped by
four (7), three and two negative-ions vacancies in the near-
est neighbor positions, respectively. The question mark for
the Fy-like center indicates a tentative attribution for this
CC absorbing around 648 nm and emitting at 735 nm [6].
Indeed, it could also be the F5 center absorbing at its
second band at 660 nm [7]. Anyway, it will be shown that
the Fy-like, F3 and Fy CCs can be excited at the same
time by using only one wavelength, and that the intensity
of their emissions is strongly dependent on the absorption
and the geometry of the crystal with respect to the op-
tical pumping. In practice, an energy transfer process is
going on among the various centers based on emission and
absorption effects in the volume of the colored crystal. In
particular, in this paper we investigate the energy transfer
from the Fy-like center to the F5 center and from the F3
center to the F, center.

2 Experimental procedure

A LiF crystal of dimensions 9.72 x 10.04 x 54.80 mm?,
purchased from the General Physics Institute of Moscow,
has been heavily colored by irradiation with high energy
electrons at RT. This crystal was originally produced for
Q-switching a Nd-YAG laser by using the broad emission
band of the F;, CCs between 800 and 1000 nm, and for
this purpose the two faces perpendicular to the long di-
mension were carefully polished.

A semiconductor diode laser, SDL 7470-P5, emitting
in cw mode 2.5 W at 672 nm with a half width of 8 nm,
has been used to excite the crystal at one of the polished
surfaces, by means of an optical fiber of core diameter
0.05 mm at 0.2 mm from the surface of the crystal.

Another optical fiber of core diameter 0.1 mm has been
positioned perpendicular to the first one along the long
dimension at 0.2 mm from the surface of the crystal. The
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Fig. 3. Absorption (a) and emission (b) spectrum in the region
650-1 300 nm at RT of a LiF crystal colored with a high energy
electron beam at RT, full lines. The absorption refers to the
crystal thickness of 10.04 mm. The emission has been excited
by a diode laser at 672 nm, as indicated by the arrow. The two
spectra have been fitted with Gaussian curves, dotted lines,
and their sums reported as dashed lines. See text for details.

emission collected by the optical fiber has been revealed by
an Advantest Q8381A optical spectrum analyzer working
in the interval 400-1 750 nm. The absorption spectrum of
the crystal has been measured with a Shimadzu UV-3100
spectrophotometer. All absorption and emission spectra
have been measured at RT.

3 Experimental results

Figure 3a shows the absorption spectrum of the LiF crys-
tal well above 600 nm. Two absorption bands with peaks
at 960 and 800 nm are observed in addition to an ab-
sorption structure appearing in the 640-730 nm region,
which is not very well resolved because of the overlap with
the long wavelength tails of the much stronger absorption
bands due to Fy (N2 and N;), Fo and F;,r centers which
peaks at about 530, 445 and 448 nm, respectively [4,8,9].
The 960 and 800 nm bands have been already attributed
to the F5 and F3 CCs, respectively, while the 640-730 nm
absorption structure could be due to the second band of
the F5 center, also called R, centered at 660 nm ac-
cording to reference [7] and at 680 nm according to ref-
erence [10], to an Fy-like center which possesses an ab-
sorption band peaked at about 648 nm and half width
1500 cm~! [4,6], or to both them.
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In order to clarify better this matter we have resorted
to a fitting procedure of the absorption spectrum with
Gaussian curves, by using peak positions and half width
values known from the literature as a starting set of pa-
rameters. The calculated total absorption spectrum and
single absorption bands are reported in Figure 3 by dashed
and dotted lines, respectively. In general the agreement is
very good, in spite of the intrinsic difficulties to fit the
experimental data below 730 nm, from where the strong
F4 (N2 + Njp) band starts to dominate over all the other
ones. Anyway, in order of decreasing wavelengths the F5
and F5 (RY%) bands have been well resolved, while the F3
(R}) and Fy-like bands overlap each other and with the
tail of the F, band. It is clear that at this stage of knowl-
edge it is not yet possible to give a definitive assessment
of this strongly entangled absorption region of the colored
LiF crystal which requires more detailed studies, still in
progress at moment. For this reason we have preferred not
to label the bands below 730 nm. However, the band pic-
ture reported in Figure 3a agrees in a reasonable way with
what is known up to now [11], and so it will be used with
the necessary caution in the following of the present work.

Figure 3b shows the emission spectrum, full line, of
the crystal 12 mm far away from the front surface where
the crystal is excited with the diode laser. Three emission
bands are observed, the more intense one at 900 nm, a
less intense one at 735 nm and the weakest one at the low
energy tail of the strong 900 nm band. As in the absorp-
tion, the emission spectrum has been fitted with Gaus-
sian curves and the result of the best fit is reported in the
same figure, dashed line for the whole spectrum and dot-
ted lines for the three single bands which were required
to accomplish the feat. The 900 nm band is attributed
to the F5 centers, while the 1100 nm band is due to the
F; CCs [3,4,10]. The 735 nm emission band has been al-
ready observed in various colored LiF crystals, and has
been attributed to the F4-like CCs just described in this
section.

The 672 nm pumping radiation has been used to ex-
cite the LiF crystal in the absorption structure well below
the F5 (R5) band, as shown in Figure 3a by an arrow. It
is evident that this wavelength can excite both F3 (R])
and F4-like bands but, however, it cannot explain both the
high intensity of the emission at 900 nm and the 1100 nm
emission, for which we have to resort to other mechanisms.
In order to clarify them, we have carefully measured the
luminescence of the crystal along the long dimension, and
the intensity of the various bands at their peaks has been
reported in Figure 4. Also the intensity of the exciting
light, measured by the weak scattering of the light in the
crystal, has been reported for comparison. The experi-
mental data follow an exponential behavior with different
slopes up to a distance of 15 mm from the front surface
of the crystal, after which they start to decrease faster,
although it should be kept in mind that the last values at
about 0.3 arb. units of the emission intensity may have er-
rors up to 100%. Indeed, their intensity is barely observed
above the noise.
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Fig. 4. The peak intensities of the three emissions of Fig-
ure 3b, full line, are reported as a function of the distance
from the front surface of the excited crystal. Also the intensity
of the exciting light, dashed line, has been reported for a direct
comparison.

4 Discussion and conclusions

As we have shown in the previous section, the Fy-like,
F3 and F; emissions are observed under optical pumping
with the 672 nm radiation, which excites the F4-like band
and also the F; (Rf) band. In our opinion, the F3 and
F5 luminescences are observed mainly because each of
them is excited in cascade by the preceding luminescence.
Indeed, we are in presence of an energy transfer process
due to the simple mechanism of emission and absorption in
the volume of the crystal, as it is demonstrated indirectly
by the intensities of the various emissions along the long
dimension of the crystal in Figure 4.

The emission of the F4-like CCs follows the same slope
as the intensity of the exciting light along the crystal mea-
sured through its scattering, i.e. the two exponential coef-
ficients have the same value of 0.24 mm~!. As a matter of
fact, this slope also corresponds to the crystal absorption
at 672 nm. At distances bigger than 15 mm the emission
at 735 nm decreases more quickly than expected, which
can be due both to geometrical factors (the diode laser has
not been collimated and, so, it emits with the well-known
directional lobe mode) and experimental errors (unavoid-
able at the present low signal intensities).
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The light emitted at 735 nm is absorbed by the two F5
bands with successive emission at 900 nm. In this case, we
do not expect the same slope as the exciting luminescence.
Indeed, at a certain point along the crystal the emission at
900 nm depends on the integral emission at 735 nm pro-
duced in a volume of the crystal surrounding that point,
and whose dimensions are a complex function of the ge-
ometry of the optical pumping with respect to the crystal
and of its absorption coefficient at 735 nm. Qualitatively,
at the beginning it is expected an higher intensity of lumi-
nescence with distance and so a smaller initial slope than
that of the exciting light at 735 nm, as it has been found
experimentally in Figure 4, where the exponential coef-
ficient is 0.17 mm~!. However, after a certain distance,
which coincides approximately with the longitudinal di-
mension of the integral emission volume which contributes
to the emission, the slope should be similar to that of the
exciting light at 735 nm, as it is observed in the same
Figure 4 above 15 mm.

Generally speaking, the intensity of the external pump-
ing light entering into the crystal is expected to de-
cay exponentially, since the transmitted light intensity [
at the distance d from the incident surface is given by
I = Iyexp(—kd), where I is the incident light intensity
and k is the absorption coefficient. The observed exponen-
tial decay of the 672 nm excitation light indicates that the
672 nm light is indeed the transmitted light. Additionally,
the same slope is observed for the intensity of the 735 nm
emission. This result confirms that the 735 nm emission
is generated directly by the 672 nm radiation propagating
through the crystal.

The emission at 900 nm is absorbed by the F; band
with a new emission at 1100 nm. Here the situation is
similar to the previous one, with the difference that the
slope of this new emission should be still smaller than
that of the 900 nm emission, which is exactly what has
been reported in Figure 4, i.e. the exponential coefficient
is 0.12 mm~!. Eventually, after about 15 mm the inten-
sity starts decreasing faster as in the case of the 900 nm
emission.

At the end, all the luminescences reported in Figure 4
should decay with the same slope as the initial exciting
radiation at 672 nm. However, because of the very low in-
tensity of the luminous signals at large distances from the
front surface of the crystal, the measurements of Figure 4
hint at this hypothesis but do not support it with absolute
certainty.
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In conclusion, the measurements reported here are a
good example of energy-transfer processes from one type
to another type of CC. The intensities of the various emis-
sions involved in the present cascade processes are in-
terwound each other in a complex way. Their behaviors
have been described by a simple phenomenological model,
which most probably could be expressed in an analytical
way in case of more simple experimental conditions.
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