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The main objective of this paper is the characterization of the spectroscopic properties of new materials
that are prospective laser media. This approach allows for the comparison of the properties of the
Cr** in different environments. Here, we have studied the photoluminescence and optical absorption
of Cs,NaScFs:Cr’* single crystals. On the basis of near-infrared luminescence measurements at
2, 77, and 300 K the observed lines originated from the Cr’*-centres were associated with the
4Ty(*F) — 4A,(*F) transition and the lifetimes were obtained. In spite of the quenching observed as
a function of temperature at least 10% of the 2 K emission intensity for Cs;NaScFg doped with 1% of
Cr** remains at room temperature. Besides, the 2 K emission broad band could be well described in
terms of normal modes of the octahedral complex [CrFg]*~, and the Racah and crystal-field parameters

calculated.

KEY WORDS: insulators; crystal and ligand fields; chromium; time-resolved optical spectroscopy.

INTRODUCTION

There is renewed interest in solid-state optical mate-
rials that emit in the visible and near infrared spectral
region [1-7]. In particular, materials doped with tran-
sitions metal ions have been intensively studied due to
their inherent tunability and possible applications as signal
transmission, display devices, information storage [8,9].
Several Cr**-doped materials have been studied, mainly
due to the strong visible absorption and emission bands
observed when the Cr** ion is incorporated into octahe-
drally coordinated sites. The unfilled 3d electronics shell
of the Cr’* ion has a number of low-lying energy lev-
els, among which optical transitions can occur generat-
ing luminescent emission. As in the transition metal ions
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the 3d electrons are outside of the ion core, they interact
strongly with the electric field of the nearby ions, so their
optical properties are directly affected by static and dy-
namic properties of their environment. Furthermore, both
sharp transitions and broad emission bands can occur at
low temperature in the optical 3d ions spectra. While the
sharp transitions occur between levels that do not depend
on the crystal field intensity, the broad bands are attributed
to transitions between electronic states derived from the
crystal field orbitals that present different dependencies
on crystal field strength. Indeed, the separation between
the energy levels is very sensitive to the Dg parameter
value and their transitions are characterized by larger val-
ues of the Huang—Rhys parameter [10]. In addition, these
broad bands have a great interest in tunable laser materials
at 300 K. However, as the electron—phonon coupling can
enhance nonradiative decay processes, leading to a de-
crease in the luminescence quantum yield, and minimiz-
ing non-radiative decays, it is useful to choose materials
with small phonon energies [11].

Several studies on fluorides compounds doped with
transition metal ions have been reported in the literature
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[12-21], and its is now well established that they present
long upper-state lifetimes, and are, consequently, poten-
tial materials to be used as efficient amplifying media.
Moreover, the observation of a broad red absorption bands
allows direct diode pumping. Therefore, our interest in the
optical characterization of the fluoride Cs;NaScFq:Cr**
through luminescence and absorption techniques in or-
der to verify its possible application as a tunable laser
material.

The system studied here, Cs;NaScFg, belongs to the
group A,BMXg, where A and B are monovalent alkali
cations, M is a trivalent cation and X is a monovalent an-
ion (see Fig. 1). The analogous systems Cs,NaAlFs and
Cs;NaGaFg show hexagonal structure with R3/m symme-
try, with the trivalent cations ordered and octahedrally
surrounded by F anions [22-24]. On the basis of our op-
tical results we can assume that the Cr’* ions are also
octahedrally coordinated and replace the Sc** ions. Using
phase-resolved emission measurements, we were unable
to find evidence for more than one lifetime, and so con-
cluded that the Cr** ions are occupying only one kind of
site. In addition, from the emission spectra measured at 2,
77, and 300 K and from absorption spectrum measured at
300 K, we could assign the energy levels of the chromium
ion in the host material. From the 300 K absorption spec-
trum we calculated the crystal-field parameter Dg and
Racah parameter B. The value of Dg/B ~ 2 indicates that
the energy levels of the 4T>(*F) and’E(’G) are very close
to each other.

EXPERIMENTAL DETAILS

The 2 K photoluminescence experiments were per-
formed using a He-cryostat and those at 77 K with an im-
mersion cryostat. The exciting source was a cw 514.5 nm
line from a Coherent Radiation Ar-ion laser model 52.
The excitation intensity was switched on and off at a ref-
erence frequency using a SR 540 variable speed chopper.
The sample emission was analyzed with an Spex model
1870 spectrometer. A liquid N, cooled RCA S1 photo-
multiplier coupled to a SR 530 lock-in detected the optical
signals at a reference frequency. The absorption measure-
ments were achieved with a CAM SPEC M 330 spectrom-
eter. Both emission and absorption measurements were
corrected for the response of the monochromator and de-
tection system.

The Cs,NaScFg:Cr** samples are single crystals
grown by the hydrothermal method with 1.0% of Cr** ion
as impurity. The fluorides were synthesized by the direct
temperature-gradient method as a result of the reaction
of aqueous solutions of CsF (30-35 mol%) and NaF. The
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Fig. 1. Polyhedral representation of the Cs;NaScFg:Cr3* structure. The
white and gray polyhedra represent ScF¢ and NaFg, respectively, while
the white and gray atoms correspond to Cs and F.

mole ratio CsF/NaF changed from 4.8 to 5.2 with ap-
propriate oxide mixtures of Sc;O3; and Cr,O3 (99.995%
pure) at a temperature about 750 K, a temperature gradi-
ent of about 2 K/cm and pressures of 100—150 Mpa [25].
The substitution of oxygen by fluorine in oxides is easy
due to the similar size of the O>~ and F~ anions. The
referred structures for which the substitution can occur
are rutiles, perovskites, and garnets [26]. For hydrother-
mal experiments, autoclaves with copper liners having a
volume of about 40 cm? were utilized. Under these con-
ditions, spontaneously nucleated crystals up to 0.5 cm? in
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size were grown in the upper region of the autoclave. The
obtained crystal phase homogeneity and the possible dis-
tortions of crystal lattice were tested by the X-ray powder
diffraction method. Considering that the most important
factors for substitution are the ionic radius (rg.>+ = 0.73A
and re,>t =0.615 A) and the valence that is the same for
the Ga and Cr ions, we can argue that the Cr7 ions enter
in host replacing the Sc** ions.

RESULTS AND DISCUSSION

Figure 2 presents the Cs,NaScFg photoluminescence
spectra of 1.0% Cr’t at 300 K (a), 77 K (b), and 2 K (c).
The emission bands are identified as the phonon assisted
4T, (*F)—*A,(*F) transition of the forbidden d—d crystal
field levels of Cr3* ions in octahedral sites [27]. As the
4T, state has a tp2e configuration and the 4A, state has
ty3 configuration, the 4T,—*A, transition is broad. The re-
laxation process at 300 K originates an emission band at
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Fig. 2. The photoluminescence spectra of CsyNaScFs doped with
1.0 at.% Cr*t at (a) 300 K, (b) 77 K, and (c) 2 K. At 300 K the
luminescence lifetime measured through the phase-sensitive detection
was 7300 K = 117 us, while at 77 K, t77 k ~4 7300 k. This observation
is an indication that the Cr>* ions occupy undistinguished octahedral
sites in the host structure.

12626 cm™! observed in Fig. 2(a). In this temperature,
the luminescence lifetime measured through the phase-
sensitive detection was T390 g = 117 us. As it was not pos-
sible to verify two different occupation sites for the Cr3*
ions at 300 K, we assume that this decay time as an aver-
age value. The 77 K emission spectrum, Fig. 2(b), exhibits
two intense peaks at 13055 and 12658 cm™! and a number
of weaker emissions. For this emission the measured life-
time with phase-shift method was 777 ¢ =414 us, which
differs only by a factor 4 of 730k, indicating that the
emission at 77 K can be associated to the *T, (*F)—*A,
(*F) transition as well. Some samples with Cr** in in-
termediate crystalline field, can present emissions at low
temperature from the level 2E [28-30]. However, these
forbidden spin transitions present, generally, a lifetime of
the order of a few milliseconds. As the observed transi-
tions at room temperature and at 77 K in Cs;NaScFs have
the same order of lifetime, this can indicate that they origi-
nate from the same level, *T, (*F). Considering the similar
energy position, the band shape, as well as the value of the
measured lifetimes, we can argue that the 300 K spectrum
has the same origin of the low temperature spectrum, the
4T, level. The observed quenching of the emission (Fig.
2) as a function of temperature for the low-field sites will
be discussed later.

The complete luminescence spectrum at 2 K for
Cs,NaScFg:1.0 %Cr7 is shown in Fig. 3. The low tem-
perature 4T, (*F)—*A, (*F) emission exhibits a very rich
fine structure, superposed to a broad vibronic band that
extends from 13875 cm™! to 11248 cm™!. From this spec-
trum the Huang—Rhys factor S was calculated, with e=5
= IzpL/l [1], where I and Izpy are the integrated inten-
sity in the broadband and zero-phonon line, respectively.
For Cs,NaScFq:Cr’™ this parameter was found to be 3.6.
This value is compatible with the T, (*F)—%A, (*F)
assignment, for which Huang—Rhys factor has to be big-
ger than 1, and in agreement with the S values obtained
for K,NaScFg:Cr’* and K;NaGaFs:Cr’*, 3.95 and 3.98,
respectively [17,28].

The analysis of the luminescence spectrum in terms
of the normal modes of vibration of [CrFs]*~ octahedral
complex, was made in analogy to K,NaScFq:Crit[2,17—
19] that presents similar luminescence spectra. In order
to verify if the lines observed in Cs;NaScFs:Cr** orig-
inate from different sites, as in the similar compounds
Cs,NaAlF4:Cr’* [23,29] and Cs,NaGaF4:Cr3t [24,30],
we used a lock-in amplifier to select an appropriated
phase, so that the line at 13875 cm™! would be elimi-
nated. As after this procedure, no lines remained in the
spectrum, so we can suppose that all lines present close
lifetimes, pointing out that the Cr** ions occupy undis-
tinguished octahedral sites in the host structure. Besides,
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Fig. 3. The complete photoluminescence spectrum of CsyNaScFg doped
with 1.0 at.% Cr>t at 2 K. The zero-phonon, located at 13875 cem™! s
indexed as line 1.

the luminescence lifetime measured for this transition is
T,k =443 us, which is close to those obtained for simi-
lar systems [17-19,29, 30], where radiative recombination
was not observed, showing that the luminescence data for
Cs2NaScF6:Cr** originates from isolated impurity cen-
ters. In addition, the 300 K quantum efficiency (®) could
be roughly estimated. Considering that & = 300 /T2 K
[1,31], and assuming that the temperature quenching is
only due to nonradiative decays, one gets a Cr** emission
quantum efficiency of about 0.3 at 300 K.

Now, we turn to the interpretation of the vibrational
spectrum. In Cs,;NaScFs:Cr’* the dopant ion wave func-
tions overlap with those of the six F~ nearly surrounding
neighbors that is, in a simple form, represented by the
combination of the Cr** plus the F~ contributions and
forming the molecular orbital for the [CrFs]?~ octahedral
complex. The Cr** form a 3d (t2g, €0), 4s (aig), 4p (t1u)
orbital, while the F~ group a 2p, (aig, tiy,, €g), 2Pz (tiu,
tog,, tou, tig)., consequently the normal vibrations modes
of [CrFg]*~ octahedral complex are given by 'V = ajg
+ e, + 2ty + ty + toy [32].

In Fig. 3, we can clearly observe the zero-phonon
line located at 13875 cm™!, line 1, and vibrational lines
associated with the *T, (*F)—*A, (*F) transition, where
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the signal phase was adjusted to obtain the maximum in-
tensity for line 1. In order to analyze the relative intensities
(I,/1)) we have to consider the following. As the energy
states of the Cr’T ions have the same parity,

1. ifthe Cr3* ionis in asite of inversion of symmetry,
the allowed electronic transitions are of magnetic
dipole, and therefore they have weak intensity.
Thus, the magnetic dipole zero-phonon transition
is ascribed with line at 13875 cm™! (line 1);

2. on the other hand, if the Cr** ion is in a site with-
out inversion of symmetry, the allowed electronic
transitions are of electronic dipole, consequently
with stronger intensity.

We can observe that all vibrational lines in 2 K spec-
trum are strong. Since the dopant ion is smaller than the
Sc3t jon, some strain is induced around Cr3* ion and
its ligand. This fact reduces the site symmetry and the
2 K emission spectrum is dominated by electric dipole
vibronic band [33]. Consequently, the most intense side-
bands at 13151 cm™' (line 10) and at 13067 cm™! (line
11) are associated with transitions produced by an odd-
parity internal vibration of the complex [CrFg]*~, namely
the t;, (77) mode. Besides, the four strong vibronic peaks
situated at 13651 (line 4), 13573 (line 5), 13470 (line 6)
and 13369 cm™! (line 7) can be, respectively, assigned as
t2u(7), t1u(7), €g(0) and a;4(0) modes. Moreover, the o
orbitals are symmetric with respect to a rotation around
the bond direction, while the 7 orbitals do not present this
characteristic. So, the energy position of the t;,(77) mode
(line 5) is expected to lie higher than that of the ty,(o)
mode (line 8). Furthermore, the relatively high intensity
of the even modes, e,(0) and ay,, reflects the vicinity of
the 4T, and the 2FE states [10], the reduction of the ion
site symmetry and the possibility that Cr** ion can be dis-
placed from the center of the octahedron [10,34]. Indeed,
the observation of the electric dipole allowed eg(o) pro-
gressions on the odd vibronic origins (line 9) gives further
evidence to this assumption. As for (o), the position of
the mode ajg(o) is also confirmed by the combination
with some other lines with odd origin (lines 10 and 11).
The apparent absence of the tp,(7) mode occurs because
the relative intensities of vibrational lines related to this
transition are very small and beyond the sensibility of the
detection system [2,35]. The vibronic modes frequencies
for Cs,NaScFg:Cr3t, based on the electronic transition at
13875 cm™!, are arranged in decreasing order and sum-
marized in Table L. In this table, only intense lines in the
higher energy positions at 2 K in the emission spectrum
are identified. It is interesting to point out the energy in-
tervals for phonon modes in different fluorides hosts, as
summarized (in cm™') in reference [36]: aj, (555—
575), eg (470495), t, (560-590), t;, (305-335) and
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Table I. Experimental Positions and Assignment of the Labeled
Peaks in the Emission Spectrum at 2 K for Cs, NaScFg :Cr3t, Shown

in Fig. 3
Vibrational
Energy energy

Line (em™h) (em™1) Assignment

1 13 875 0 Zero-phonon line

2 13797 78 lattice phonon modes

3 13713 162 lattice phonon modes

4 13 651 224 toy ()

5 13573 302 tiy (1)

6 13470 405 eg (0)

7 13 369 506 ag (0)

8 13291 584 tiy (0)

9 13 249 626 toy (1) + € (0)
10 13 151 724 toy (1) + ajg (0)
11 13 067 808 toy () + ajg (o) + 78
12 12 964 911 eg (0) + ajg (0)
13 12 866 1009 2ajg (0)
14 12 746 1129 ajg (0) + tou () + eg (0)
15 12 652 1223 tou (1) + 2 a1 (0)
16 12 560 1315 tyy (77)
17 12 458 1417 2a1g (0) + €4 (0)
18 12 351 1524 3aig (0)
19 12 244 1631 2a1g (0) + tay () + €4 (0)
20 12 156 1719 2a1g (0) + ty () + €4 (0)

Note. The energies of vibrational modes are relative to that zero-
phonon line.

tay (160-220). In this paper, authors state that as e, and
a;; modes undergo a decrease in their energies when the
Cr’*—F~ distance increases. At the same, time the en-
ergies of t;, and tp, are little affected by host distances
changes. Accordingly this statement, the phonon modes
in Cs,NaScFg:Cr3t are a indication of ion site distortion,
which destroys the inversion site symmetry and can be
associated with strong lines in 2 K spectrum.

The absorption spectrum of CsyNaScFg:1% Crt at
300 K is shown in Fig. 4. The band identified as *A,
(*F)—*T| (*F) has its barycenter at 22050 cm~', while
the lower energy band, identified as the *A, (*F)—4T, (*F)
electronic transition of the Cr’* center, at 15000 cm™".
The comparison between the energy position of the 4T,
(*F)-*A, (*F) absorption and emission bands leads to a
Stokes shift of 2374 cm™!, a reasonable value for fluo-
ride hosts [37]. From the *A,—*T, (*F) transition and
the Tanabe—Sugano matrices for Cr** (3d?) in octahedral
environment [34], we can extract the cubic field splitting
parameter 10D¢, and from the position of the *A, — T (*F)
transition we can estimate the Racah parameter B. For the
free ions the Racah parameter is associated with Coulomb
repulsion of electrons, while for crystals, it is influenced
by the ligand anions and the metal cations, giving in-
sight to the bond covalency. From well-known procedures
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Fig. 4. Absorbance of Cs;NaScFs doped with 1.0 at.% Cr** at
300 K. The band identified as *Ay (*F)—*T; (*F) has its barycen-
ter at 22050 cm™!, and the band identified as A, (*F)—*T, (*F) at
15000 cm™.

[34], we obtain for Cs;NaScFe:1% Cr’t a crystal field
strength Dg equal to 1500 cm™! and a Racah parameter
B of 754 cm™'. The Dg/B value, ~ 2, confirms, as men-
tioned above, that the 4T, and 2E states are very close in
energy, leading to intense e, and a;; modes [10].
Keeping in mind that we used an Argon laser with
8 W and a crystal size of 3 mm, giving an intensity of
280 kW/m?, in the region of the laser spot, the real crys-
tal temperature can be higher than 300 K. In spite of
this fact a comparison of the integrated areas between
the “room temperature” and the 2 K data was made and
indicates that at least 10% of the 2 K-emission inten-
sity for Cs,NaScFg:Cr** remains at room temperature.
The temperature dependence of the emission spectrum of
Cr’* has been systematically investigated [36,37], it can
be ascribed to nonradiative relaxation mechanisms. Fur-
thermore, due to the low concentration of the sample the
energy transfer between the Cr>* ions can be neglected.

CONCLUSIONS

In this paper, Cs;NaScFg doped with 1.0 at.% of
Cr** has been investigated by photoluminescence and
optical absorption spectroscopy. The photoluminescence
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spectra show broad vibronic bands between 11000 and
15000 cm™~!. The bands observed at 300, 77, and 2 K and
the calculated crystal field parameter Dq lead us to con-
clude that the Cr** ions are octahedrally coordinated to
the F~ ions in the host lattice. However, differently from
Cs,NaAlFg:Cr** and Cs;NaGaFg:Cr’t [23,24], only one
luminescence lifetime was detected, indicating that as in
K,NaScFg:Cr** [2,17,19] the Cr** ion occupy only one
type of octahedral site. Moreover, as the absorption signal
of the *Ty (*F) level is higher than that of the T, (*F)
level, and that a considerable number of Cr3* ions de-
cay radiationless from *T to #T,, favoring the emission
T,—%A,, the assignment of the emission bands as the
4T, (*F)—*A, (*F) transition is further supported. In ad-
dition, the vibrational spectrum was analyzed in terms of
normal modes of the octahedral complex [CrFs]?~, lead-
ing to the conclusion that the 4T, (*F) excited state is
displaced along the e, and a;, coordinates. This displace-
ment is analogous to that observed earlier in other fluoride
compounds doped with Cr** ions, and attributed to Cr>+
ions in sites octahedrally coordinated by anions [35-39].

It is important to remember that nowadays the most
efficient solid state laser is the Be3 Al (Si03)6:Cr3™, emit-
ting between 11905 and 13889 cm™!, with intensity peak
at 13020 cm~"! and efficiency of 64% [40, 41], followed by
LiCaAlF:Cr’t laser, with emission also between 11905
and 13889 cm~!, maximum intensity at 12820 cm™!
and efficiency of 54% [42]. Systems with longer emis-
sion are the LiSrAlFg:Cr3t, emitting between 9900 and
12820 cm™! with maximum at 12121 cm™! and efficiency
of 36% [43, 44] and the La;GasSiO;4:Cr>™, tunable be-
tween 9033 and 11600 cm~! with peak at 10330 cm ™!, but
with only 10% of efficiency [45, 46]. Considering that the
quantum efficiency of Cs;NaScFs:Cr** is about 30%, its
emission shows a peak 12626 cm~! and 10% of 2 K emis-
sion intensity remains at room temperature, it is worth to
study the suitability of this new Cr’* doped material for
laser application.

Additional X-ray and neutron diffraction experi-
ments are in progress in order to investigate the crystal
structure of CsyNaScF:Cr*t, and Raman measurements
are planned to probe the site symmetry of the Cr** this
material.
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