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Abstract

In this paper we investigate the mechanisms for electron trapping, following photoionization of Sm?* in y- and
non-y-irradiated samples of Sm-doped CaF,. Using linear absorption, fluorescence and site-selective coherent anti-
Stokes Raman excitation spectroscopy, we show that the electron traps in non-y-irradiated CaF,:Sm are small clusters
of trivalent Sm ions. In the y-irradiated samples, we observe the formation of self-trapped holes after photoionization,
which provides us with additional evidence for the existence of self-trapped hole pairs in y-irradiated rare-earth-doped

CaF,. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 82.50.F; 42.65
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1. Introduction

The photoionization of Sm*>* in various hosts
has attracted a great number of researchers, both
because of fundamental reasons [1-5] and possible
applications like frequency-domain data storage by
persistent spectral hole burning [6-8]. Although,
by now, photoionization is a well-investigated phe-
nomenon in optical materials doped with divalent
rare-earth (RE) ions, the trapping mechanism of the
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electron has rarely been the object of any research
[9]. However, for applications like frequency-do-
main data storage by persistent photoionization
hole burning [6-8,10,117, the electron trapping effi-
ciency and the room temperature stability of the
electron traps is of crucial importance.

In this paper, we investigate the electron traps in
v- and non-y-irradiated CaF,:Sm. In Sections 3.1
and 3.2 we present experimental results which indi-
cate that the y-irradiated sample contains self-trap-
ped hole pairs which act as electron traps and
subsequently form self-trapped holes. In Sec-
tion 3.3 we show by linear absorption, fluorescence
and site-selective coherent anti-Stokes Raman
spectroscopy (CARS) that the main electron
traps in non-y-irradiated CaF, : Sm are small Sm**
clusters.
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2. Experimental

The high-temperature absorption spectra were
obtained using a CARY 1413 spectrophotometer.
The low-temperature absorption spectra were mea-
sured by dispersing the light of a 50 W halogen
lamp with a JY 1/68 single monochromator, pass-
ing it through the sample and collecting the trans-
mitted light either with a UV- or a red-sensitive
photomultiplier. These low-temperature measure-
ments were restricted to wavelengths above 270 nm
due to the spectral characteristics of the source.
The signal-to-noise ratio was improved by chop-
ping the light in front of the monochromator and
acquiring the signal with a lock-in amplifier. For
each trace, a separate baseline was measured to
minimize the effects of long-term drifts in the lamp
intensity.

The exciting light for the fluorescence and the
CARS measurements was produced by 2ns dye
lasers, simultaneously pumped by a frequency-
doubled Nd: YAG laser at 532 nm with a repetition
rate of 50 Hz. The dye laser pulses had a duration of
5ns and a spectral width of less than 0.05cm ™.

The fluorescence spectra were measured by
focusing the dye laser beam on the sample by a
cylindrical lens and imaging the fluorescence on
the entrance slit of the 68cm monochro-
mator. The light was detected by an infrared
photomultiplier and the signal was acquired by
a gated boxcar integrator. The exciting light was
attenuated in front of the monochromator by
choosing the adequate colored glass filters. The
fluorescence lifetimes were measured with a digital
oscilloscope.

For the CARS experiments, we chose the folded
BOXCARS configuration to excite the sample [12].
To achieve a high signal-to-noise ratio, we used
a beamsplitter in front of the sample to create
a reference signal on a glass plate which showed no
dipersion in the spectral region of interest. The
generated anti-Stokes waves were passed through
a double monochromator to filter out the exciting
radiation and were detected by two identical
photomultipliers. The signal and reference pulses
were acquired by two boxcar integrators and
divided shot by shot by a PC. The polarization
geometry was chosen so that the nonresonant

signal would be suppressed. The samples were
cooled by a closed cycle helium refrigerator capable
of attaining 8 K.

The non-y-irradiated sample was grown by the
Bridgman method under a flowing argon atmo-
sphere. The crystal powders (purity 99.999) were
outgassed under high vacuum before melting. PbF,
was added as an oxygen scavenger. As PbF, and
PbO volatilize at a much lower temperature than
the other ingredients, it can be supposed that the
final product was free of lead. The sample was
colored green due to some of the Sm turning into
the divalent state spontaneously. The y-irradiated
sample was also produced by the Bridgman
method but without addition of PbF,. It was
grown under a fluorinated atmosphere and did not
exhibit coloring after growth. To reduce some of
the trivalent Sm present in the crystal, this sample
was y-irradiated at room temperature with a dose
of 10 Mrad by a °°Co sample. The Sm?* concen-
trations of the samples were determined by the
room temperature absorption at 617 nm [13] and
the relative Sm** concentrations were checked by
the optical density of 400nm at 8 K. For the y-
irradiated sample, the Sm** concentration was
0.3mol%, the Sm?* concentration 0.0014 mol%
and for the non-y-irradiated sample the concentra-
tions were 0.44 mol% and 0.0074 mol%.

3. Experimental results and discussion

3.1. Room temperature absorption spectra of the
v- and non-y-irradiated samples

Curves a and b in Fig. 1 show the room temper-
ature absorption spectra of the y- and non-y-irra-
diated sample, respectively. Both spectra exhibit
the typical 4f° — 4f35d absorption transitions of
Sm?* in a cubic (O, site [13]. As the Sm** concen-
tration differed in the two samples, they were both
normalized to the 617nm band to facilitate the
comparison. Curve c in Fig. 1 was obtained by
subtracting curve b from curve a. This difference
spectrum shows that, in contrast to the non-y-
irradiated sample, the y-irradiated sample contains
a color center which has an absorption peak at
around 245 nm with a half-width of approximately
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Fig. 1. Room temperature absorption spectra for the y-irra-
diated (a) and non-y-irradiated CaF,: Sm sample (b), nor-
malized to the 617 nm peak and the difference spectrum (c).

11400 cm ™', The same feature was observed for all
samples which were available.

It is known, that ionizing radiation like y-, X- or
electron beams can produce a variety of color
centers in RE-doped alkaline earth fluorides (For
a short review concerning CakF ,, see Ref. [14]). This
includes F-centers, multiple F-centers, metallic col-
loids, F-centers associated with rare-earth ions
(REF centers) [15], and self-trapped holes [16].
The formation of these color centers depends on
many factors like sample preparation (e.g. additive
coloring) type of irradiation and sample temper-
ature. Up to now there has been to our knowledge
only one report about a color center with a single
absorption line at 245nm and a width as great as
11400cm ™! [16]. The authors of Ref [16] ob-
served this absorption feature in a sample of
Tm-doped CaF, after X-irradiation at 77K and
subsequent annealing at room temperature. As
a result of their experimental results, Beaumont et
al. [16] postulated the formation of a self-trapped
hole pair. This pair has to be considered as a neu-
tral F, molecule trapped in the CaF, lattice. Up to
now there have been only few clues for the existence
of this center [16—19]. In the following section, we
will present experimental results which will corrob-
orate the interpretation that y-irradiated CakF,
contains self-trapped hole pairs and we will demon-
strate that these centers act as efficient electron
traps.

3.2. Electron trapping in the y-irradiated sample

Curve a and b of Fig. 2 show the 8 K absorption
spectra of the y-irradiated sample before and after
photoionization of Sm** in cubic sites, respective-
ly. To bleach the sample, it was irradiated for 5 min
at 10K with the unfocused dye laser beam at
610nm with an average power of 100mW. The use
of a pulsed laser for this experiment is justified due
to the two-photon nature of the photoionization
process [20]. To be able to see any changes be-
tween curves a and b apart from the evident change
in the concentration of Sm?™* in the cubic sites, we
subtracted the curve a from curve b after normaliz-
ing the former to the Sm?* peak at 427nm. The
result is shown in Fig. 3a. A broad peak at 305 nm
with a FWHM of 8000cm ™' can be observed. The
position and the width of the peak coincides with
the *X, - *Z, hole transition of the H-center in
CaF, [21]. The H-center is a F, molecular ion
with one of the fluorines being an interstitial. The
sharp peaks around 400nm are due to Sm** and
are visible only due to the normalization proced-
ure. A further element, corroborating the inter-
pretation of the peak as originating from an H-
center, is the annealing of this peak. The center
starts decaying at about 135K, which corresponds
to the behavior of the H-center [16].

The creation of H-centers due to electron trap-
ping by a color center already present in the crystal
has the following implication: The primary color

absorbance

300 350 400 450 500
wavelength (nm)

Fig. 2. Absorption spectra of the y-irradiated sample at 8 K
before (a) and after irradiation with 610 nm (b).
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center plus electron has to yield an H-center which
can be described as an F, molecular ion. A simple
explanation can be given by considering a reaction
of the type: FS+ Sm?*"> F; +Sm>* which
identifies the color center with its absorption peak
at 245nm (Fig. 1) as a FS molecule embedded in the
lattice. In fact, by trapping an electron on the self-
trapped hole pairs, we inverse the way this color
center was encountered in previous works: In Ref.
[16], the authors started with a CaF, sample con-
taining only trivalent rare earth ions. Due to X-
irradiation at low temperature, they created
divalent RE ions and self-trapped holes (V,- and
H-centers). At higher temperatures (130 K) the V,-
centers decayed or formed H-centers and, at room
temperature, they observed the formation of self-
trapped hole pairs. So the final state of their sample
is most probably identical to the initial state of our
samples: They contain self-trapped hole pairs and
divalent rare-earth ions. We trap an electron on
a self-trapped hole pair to form a trivalent rare-
earth ion and a self-trapped hole. The possibility of
reversing the train of events corroborates the exist-
ence of self-trapped hole pairs in y-irradiated RE-
doped CaF,.

After excitation of the X, — *Z, hole transition
with the frequency-doubled dye laser beam at
345nm (average power 0.0l mW) at 8 K the H-
center signature decreases and the cubic Sm?* con-
centration increases (Fig. 3b). After long irradiation

0.4 . : : .
a)
o3k O\ e b)
&
=
<
S
S 02f
=
2
= b,
FRCT VAN
< .,
\)Q\-'\
0.0 A =

300 350 400 450 500
wavelength (nm)
Fig. 3. Difference spectrum obtained from Fig. 2 by subtracting

curve a from curve b after normalizing the former to the Sm?*
content after photoionization (a) after 345 nm irradiation (b).

times, the initial situation before 610 nm irradiation
is almost entirely restored. This experimental fact
can be explained by the excitation of the self-trap-
ped holes into the valence band of the crystal after
which they can be scattered by a Sm*®™" in a cubic
site. The F; then loses its electron for the benefit of
the rare earth and the result is a F$ molecule and
a divalent rare earth. This process made it imposs-
ible for us to register the fluorescence spectrum of
the self-trapped holes, as the destruction of the
F, is rapid at very low excitation powers.

The possibility of creating intrinsic self-trapped
holes photochemically may facilitate the investiga-
tion of their physical properties. Up to now, these
small polarons were usually created by low-temper-
ature electron- or X-irradiation. It is evident that
the photochemical production of these color
centers is by far the easiest method developed. An
important question is, whether the self-trapped
holes are impurity associated or not. The authors of
Ref. [16] affirmed that in the electron—paramag-
netic resonance spectra no such association could
be observed. Thus, y-irradiated CaF,:RE*" may
be a good system to study the intrinsic properties of
self-trapped holes in alkaline earth fluorides.

3.3. Electron trapping in the non-y-irradiated sample
3.3.1. Linear absorption spectra

The situation in the non-y-irradiated CaF,: Sm
sample is quite different from the y-irradiated one.
Fig. 4 shows the 8 K absorption spectra of the
sample in the initial state (a) and after bleaching for
Smin at 8 K with the unfocused dye laser beam at
610nm and a power of 100mW. (b) In order to
obtain the pure electron trap spectrum free from
the cubic site spectrum, we normalized curve a to
the cubic Sm?* concentration after photoioniz-
ation and subtracted it from curve b (Fig. 5).

The difference between the spectrum in Fig. 5
and the trap spectrum of the y-irradiated sample
(Fig. 3) is evident. In respect to the unbleached
sample (Fig. 4a), the bleached sample (Fig. 5)
shows a red shift and a strong broadening of all the
bands. As Beck et al. already showed in a previous
work [22], the electron traps in this type of sample
are dimers or trimers of Sm>". In particular, the
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Fig. 4. Absorption spectra of the non-y-irradiated sample at § K
before (a) and after irradiation with 610nm (b).

0.8 — T T T T

0.6

0.4

absorbance change

0.2

0.0 1 1 " 1 1 1
300 400 500 600 700 800

wavelength (nm)

Fig. 5. Difference spectrum obtained from Fig. 4 by subtracting
curve a from curve b after normalizing the former to the Sm?*
content after photoionization.

Raman lines originating from these clusters after
electron trapping were identified due to the nearly
quadratic dependence of their line strength on the
Sm** concentration. To corroborate the connec-
tion of the linear absorption spectrum presented in
Fig. 5 and the Raman spectrum of the traps, we use
CARS and CARS-excitation spectra.

3.3.2. CARS and CARS-excitation spectra
Fig. 6 shows the polarized CARS spectrum of

the non-y-irradiated sample after red (690 nm) ir-
radiation. The polarization geometry was chosen
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180 200 220 240 260
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Fig. 6. Polarized CARS spectrum at 8 K of the non-y-irradiated
sample. The anti-Stokes frequency was fixed at A,5 = 693 nm
and both Stokes and laser wavelengths were scanned.

so as to suppress the nonresonant y§g. In this
spectrum both the input frequencies were scanned,
keeping the anti-Stokes wavelength A,g fixed at
693nm. Apart from the 'F,— 'F, electronic
Raman transition of Sm?* (O,) at 256 cm ™ *, there
are two strong lines to be seen at 195.5 and
233c¢m ™', which originate from an Sm** with one
or more neighboring Sm?*[22].

To connect the CARS and the linear absorption
spectra, we make use of site-selective CARS excita-
tion spectroscopy. The polarized CARS signal
intensity in a double resonance condition, neglect-
ing absorption, is given by the square of the reson-
ant third-order susceptibility y'[23]:

Ne*
(was = 01, — g + OL)jju = — FZ

glrin><n'lrilgy

(ZwL — Ws — wn’g + iFn’g)(wL — Ws — wg'g + iFg’g)

y <<g’|rkIM><MImlg>

Wy — wmg

3
1w

"l lm><mjr
. g Irimy<{m| k|g>>p;)g+j(_)l,

— Ws — wmg

where g denotes the ground level, g’ the Raman
level and n’ the intermediate level. The equation
shows, that by fixing o, — ws on w,, and tuning
both w; and wg so that w,g = 2wy — wg passes over
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Fig. 7. The 8 K absorption spectrum of the partially bleached
non-y-irradiated sample (a), CARS excitation spectrum with
W, —wg =256cm~! (b), and with w; — ws=233 (c) and
195.5cm ™! (d).

the intermediate resonance w,,, there will be a re-
sonance enhancement of y&’ due to the double
resonance. As the enhancement takes place only for
coupled Raman and intermediate resonances, this
method can be site-selective.

Fig. 7a shows a fragment of the absorption spec-
trum of the sample in a partially bleached state.
Curve b (CARS excitation spectrum) was obtained
by fixing w;, — wg on the cubic Sm?* resonance at
256cm ™' and curves ¢ and d correspond to
o, — wgequal to 233cm ™! and 195.5cm ™, respec-
tively. The small signal-to-noise ratio of curves
c and d is due to the low signal intensity compared
to curve b. As expected, the 256cm ! line is en-
hanced by the A, (4f°) — T,, (4f°5d) transition of
Sm? " in the cubic site at 690 nm, but the other two
Raman lines are enhanced by the broad red absorp-
tion band denoted in Fig. 5. These results show the
direct connection between the electron trap lines in
the CARS spectrum and the absorption spectrum
shown in Fig. 5, and thus proves that Fig. 5 repres-
ents the absorption spectrum of Sm** dimers or
trimers plus electron.

3.3.3. Fluorescence spectra

The difference between the bleached and un-
bleached (non-y-irradiated) sample is even more
striking in the fluorescence spectra. Fig. 8§ shows

fluorescence int. (arb. units)

o

700 750 800 850 9200

wavelength (nm)

Fig. 8. The 8 K fluorescence spectrum of the unbleached non-y-
irradiated sample excited at 610nm (a), and the fluorescence
spectrum of the sample in the bleached state, excited at 580 nm
(b). The zero-phonon line at 708 nm in curve a is truncated for
a better visibility. The original height was 27 on the given scale.

the fluorescence spectra of the sample in the un-
bleached (a) and in the bleached state (b). Curve
a was obtained by laser excitation at 610 nm. At
this wavelength the absorption coefficient is non-
zero for the traps as well as for cubic Sm? ™ sites. As
at high excitation powers, the electron traps can be
reionized at this wavelength, a photochemical equi-
librium is attained between the concentration of
electrons trapped on Sm** clusters and of Sm?* in
cubic sites. Under these conditions, in Fig. 8a the
sample may be slightly bleached. This effect is how-
ever of minor importance and the spectrum of
Fig. 8a coincides almost perfectly with literature
data [13]. The main features are the strong zero-
phonon line (A;, (4f°5d) — T,, (4f°)) at 708 nm
with its broad phonon sideband centered at about
725nm. The sharp structure of the phonon wing
can be explained by full symmetric vibrations of the
ions of the Sm?*-8F ~ complex [24]. The measured
fluorescence lifetime is 1.05 ps. This value is slightly
lower than that given in literature [25] but, as no
dependence on excitation power was observed, we
consider our value to be correct.

The fluorescence spectrum of the sample in the
bleached state was obtained by excition at 580 nm.
At this wavelength, the absorption of the electrons
trapped on Sm®* clusters is almost zero, so
that after an irradiation time of several hours, the
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fluorescence of the cubic Sm** becomes indetect-
able. As can be observed, the residual absorption of
the traps is sufficient to record their fluorescence
spectrum. In contrast to the Sm?>* (O,) fluores-
cence, the trap spectrum exhibits only one broad
band, which looks like a phonon sideband, al-
though it is without the sharp structure of the
Sm?** (O,) sideband which originates from local
phonons [24]. Also, no sharp zero-phonon feature
is observed. The lifetime of this fluorescence is
0.68 us which is almost half the lifetime of Sm** in
the cubic site.

As the electron-lattice phonon coupling of an
Sm?™" incorporated in a Sm>* cluster can be ex-
pected to be larger than that for an Sm?™ in a cubic
site, the zero-phonon line may be much weaker in
comparison to its phonon sideband and thus diffi-
cult to observe. The reduction of the symmetry and
stronger electron-phonon coupling of Sm*”* in the
cluster site can also explain the shorter fluorescence
lifetime and the broadening of the absorption
bands (denoted in Fig. 5) due to faster nonradiative
relaxation rates. The shorter fluorescence lifetime is
a rather common observation in RE clusters due to
faster radiative and nonradiative relaxation rates
[26]. It should be mentioned that the 5d orbitals of
the Sm>* ions in a cluster might be partly hybrid-
ized, in which case an excited electron could relax
not only to the ion which was excited, but also to
a neighbouring Sm**. Such photostimulated
intra-cluster electron transfers may be an interest-
ing topic for future research.

4. Summary and conclusions

Using linear absorption, fluorescence, CARS and
CARS-excitation spectroscopy, we investigated the
nature and properties of electron traps in y- and
non-y-irradiated Sm doped CaF,. The observed
formation of self-trapped holes after photoioniz-
ation of Sm*" in y-irradiated CaF,:Sm provides
additional experimental evidence for the existence
of self-trapped hole pairs in this system. At the same
time, the possibility of photochemical creation of
self-trapped holes may facilitate the experimental
study of their physical properties. In Section 3.3,
previous observations, identifying the electron

traps as small trivalent rare-earth clusters [22],
were corroborated and the absorption and fluores-
cence of these clusters + electron were presented.
The absence of the zero-phonon line in the fluores-
cence spectrum, the short fluorescence lifetime and
the strong broadening of the absorption bands
were explained by a strong coupling between the
Sm?* in the cluster site and the phonons of the
lattice.

As in both crystals the photoionization of cubic
Sm?* is persistent at room temperature and the
electron trap concentration can be controlled either
by the y-irradiation dose or the Sm*®* concentra-
tion, there is a potential for applications: It is
known that in Sm doped mixed crystal systems the
ratio of homogeneous and inhomogeneous spectral
line widths at room temperature can be smaller
than 1 at room temperature [10]. The problem of
using these materials for spectral data storage may
however be due to the lack or low concentration of
stable electron traps. If y-irradiation or an Sm?>*
concentration variation have a similar effect in
mixed crystals, these methods could be a simple
way to introduce electron traps. This way, a multi-
tude of mixed crystals may show persistent spectral
hole-burning at room temperature, which would
not be the case without the introduction of addi-
tional electron traps.
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