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Role of Er** concentration in high-resolution spectra of BaY,Fjg single crystals
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Fourier transform absorption spectroscopy with a resolution as fine as 0.02 cm™! was applied to Er3*-doped
monoclinic BaY,Fg laser crystals in a wide wave number range (500—24 000 cm™') and in the temperature
range 9-300 K. The careful analysis of the complex narrow line spectra induced by Er’* allowed us to
determine with high accuracy the crystal field splitting of the fundamental 411 51, and of the excited 411 325 411 120
419/2, 4F9/2, 4S3,2, 2H11,2, 4F7/2, 4F5/2, and 4F3,2 manifolds. On the basis of the experimental data, the crystal-
field parameters were determined and Newman’s superposition model was applied: in this way a slight dis-
placement of Er’* with respect to the Y3* position was foreseen. The Judd-Ofelt parameters were evaluated:
the lifetime values deduced from them were compared to the experimental ones and discussed. The effects
caused by increasing Er’* concentrations (0.5%, 2%, 12%, and 20% atomic fraction) were studied in detail.
The new lines, the line broadening, and the line-shape changes were explained in terms of Er’*-Er’*

interaction.
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I. INTRODUCTION

Yttrium fluoride single crystals doped with trivalent rare-
earth (RE**) ions are good candidates as active materials for
new generation lasers in the 2—4 um range; the rather low
phonon energies (A, ~450 cm™'),! e.g., lower than those
of the more widely used YAG, suggest a reduced weight of
the nonradiative processes with respect to the radiative
emission.” For example, erbium-doped BaY,Fg single crys-
tals supply an efficient laser emission at 2.8 wm, which can
be absorbed by the OH groups present in the living tissues
and therefore exploited for medical applications.> The
BaY,Fg crystal structure is monoclinic (space group C2/m)
with lattice parameters as follows: a=6.9829 A, b
=10.519 A, ¢=4.2644 A, a=B=90°, and 7=99.676°*>
Each unit cell contains two formula units. ESR measure-
ments have proven that RE?* enters the BaY,Fy lattice by
occupying the Y3* site,® which has C, symmetry, and is sur-
rounded by eight F~ ions.* Since the RE** substitutes for the
homovalent Y3*, the charge compensation is not required,
therefore high RE** solubility is expected, which could be
exploited to enhance the laser emission output.> However, by
increasing the RE** concentration, the average distance be-
tween two RE3* ions decreases and, at high RE?* concentra-
tions, more or less loose RE** pairs might be formed: in this
case a stronger interaction is expected. Impurity clustering is
a well-known phenomenon, widely investigated by means of
a number of dielectric and optical techniques, in model sys-
tems such as alkali halides and alkali earth fluorides doped
with aliovalent cations.” In the former case the cation
vacancy (V), charge compensating a divalent cation impurity
(I), provides mobility to the so-formed defect (IV dipole),
which migrates in the lattice until encountering another (or
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other) dipole(s). In this way clusters and complexes (e.g.,
dimers, trimers) are originated, which at ordinary tempera-
tures are more stable than the isolated dipoles,7’8 e.g., the
solubility limit of dispersed /V dipoles was found as low as a
few parts per million (p.p.m.) at room temperature (RT). In
alkali earth fluorides (e.g., CaF, and SrF,) the RE3* ion en-
ters substituting for divalent alkali earth and is charge com-
pensated by a mobile interstitial F~: a variety of RE3* cluster
configurations were reported.”® The presence of Er** clusters
was detected and analyzed in CaF, by means of selective
laser excitation’ and more recently in LiNbO; by means of
combined excitation-emission spectroscopy.! In the case of
yttrium fluorides, such as the most extensively investigated
BaY,Fg and LiYF,, no direct evidence of RE** clusters has
been reported. However, dopant concentration effects on the
optical performances of the lasing crystals were monitored
and considered. For example, by increasing the RE** concen-
tration the initial increase of the slope efficiency of the
2.8-3 um laser emission in BaY,Fg:Er** is followed by a
decrease®!! and the lifetime of different excited levels in
LiYF, and BaY,Fg shortens, due to a strong short-range in-
teraction and energy transfer between neighbor RE3*
ions.'>!3 Hints about clustering phenomena can be found in
the superlinear dependence of some vacuum ultraviolet RE3*
absorption band amplitude on the dopant concentration and
in the segregation of Nd**, Er**, and Ho’* in BaY,F.!*
The Er** electronic transitions, exploited for laser emis-
sion, occur within the shielded 4f shell. More specifically, in
the case of BaY,Fg the RE** substituting for the Y>* is sur-
rounded by an eight F~ polyhedron which provides a further
shield.* Therefore, the spectroscopic identification of differ-
ent RE** environments originated by increasing the dopant
concentration might look like a rather difficult task. How-
ever, due to the weak coupling of the optical f electron to the
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surrounding, the absorption lines are, as a rule, very narrow
at low temperatures. For example, extremely narrow line-
widths of 40-160 MHz (103-4 X 1073 cm™") were observed
for the *I,s,, — *Fy,, transition (at 15302.4 cm™" ) in a low-
strain, isotopically pure (99.9% 'Li) LiYF, crystal contain-
ing naturally occurring levels of Er** impurities
(~1p.p.m.).13

In the present work spectra of BaY,Fg single crystals,
doped with Er** atomic fraction (Fjy) in the range 0.5% to
20%, are investigated. Therefore, also on the basis of pre-
liminary measurements, !¢ a line broadening, due either to the
natural isotopic distribution of Ba, Y, and Er or to the in-
creasing concentration of the last should be considered.
However, for most of the Er’* lines, the linewidth at low
temperature remains below 1 cm™!, therefore high-resolution
optical spectroscopy can be successfully exploited to dis-
criminate between different Er** environments.'® Because of
the electrostatic and spin-orbit interaction, the 4f!' configu-
ration of the free Er’* ion is split into 41 manifolds, the
further splitting of them being caused by the crystal field
when the ion is embedded into a crystal lattice.!” In the case
of BaY,Fg the energies of the RE** transitions among a few
different manifolds, particularly those exploited for lasing
and for up-conversion experiments, are known, mainly
from fluorescence measurements performed at 77 and/or
300 K with a wave number accuracy in the range
0.5-2 cm‘l.1’5'13’18’19

High-resolution (0.02 cm™") Fourier transform absorption
spectroscopy is applied in the present work to Er’**-doped
BaY,Fg single crystals in a wide wave-number range
(500—24 000 cm™') and in the temperature range 9—-300 K to
get a complete and detailed analysis of the complex narrow
line spectra, induced by Er’*. The aims are (1) to determine
with high accuracy the crystal field splitting of the funda-
mental 1,5/, and of the excited *I,35, I} 15> *Iojp *Fosa» *S3/5»
H,,» ‘Fyjp ‘Fsjp and *Fy, states, (2) to evaluate the
Judd-Ofelt?*-?? parameters, and (3) to analyze the role played
by the Er** concentration on the spectra. The experimental
values of the energy levels are fitted in the framework of the
single-ion model. The so-obtained crystal field parameters
are then compared to those calculated by using Newman’s
superposition model,?? thus gaining information on the local
structural modifications which occur when a Y>* ion is sub-
stituted by Er’*. From the Judd-Ofelt parameters, derived
from the absorption spectra, the radiative lifetimes of differ-
ent excited states are evaluated, compared to those measured
on the same sample from the light emission decay, and also
discussed in the framework of other results quoted in the
literature. By increasing F. from 0.5% to 20%, new features
are displayed by the spectra, as an inhomogeneous line
broadening and new absorption lines. The former effect is
attributed to the random distribution of the Er** ions on the
Y3+ sites, which slightly modifies the crystal field probed by
a given Er’* and the latter to the formation of more or less
loose Er**-Er** pairs. Each of them exhibits its own distinct
level scheme, which is discussed in terms of meaningful
crystal field modifications, with respect to that experienced
by the isolated Er’*.
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II. EXPERIMENTAL DETAILS

The BaY,F;g single crystals were grown by a computer-
controlled Czochralski technique under a purified argon
atmosphere.?* The samples were prepared from 5N pure
BaF,, YF;, and ErF; supplied by AC Materials. Crystals with
different Er’* concentrations were investigated. The Er**
doping level is given in terms of atomic fraction Fyy, i.e., the
ratio between the numbers of Er’* and Y** ions. The Er**
concentration Ng,, i.e., the number of Er3* ions per unit vol-
ume, can be evaluated from Fi and Y** concentration,
which is 1.283 X 10*2 cm™.5 Four values of Fy. were chosen,
i.e., 0.5%, 2%, 12%, and 20%. All the F%tr values are related
to the atomic fraction added to the melt. No direct measure-
ment of the actual Fy. in the crystals was performed. Never-
theless the Er** distribution coefficient is generally assumed
equal to one if Er’* substitutes for Y>*, as in the present case,
due to the comparable ionic radii of the two ions. Therefore
the F in the melt can be taken as a good approximation of
the one in the crystal. Nominally pure samples were also
analyzed as references. The samples were oriented, cut, and
polished. The sample thickness ranged between 0.9 and 7.5
mm. As BaY,F; is a biaxial crystal, the three perpendicular
direction method (TPM)? was applied to evaluate the Judd-
Ofelt parameter (Sec. IV B). Therefore a parallelepiped of
3.6X4.8X5.7mm’ was cut from a BaY,Fg:Er** 2 at. %
crystal: the six surfaces were polished to allow the measure-
ments of the spectra along three orthogonal directions.

The optical absorption spectra were monitored by means
of a Fourier transform (FT) spectrometer Bomem DAS op-
erating in the 500—24 000 cm™' range with an apodized reso-
lution as fine as 0.02 cm™!. In the following the absorption
lines are labeled by their position (wave number) as mea-
sured at 9 K, unless otherwise stated. As the infrared detec-
tors employed are affected by nonlinear behavior when large
variations of photon fluxes are involved, i.e., in the case of
absorption measurements for high absorbance values, the
quantitative considerations on the absorption line amplitudes
were restricted to lines with peak absorbance lower than one.
The sample temperature was controlled in the 9-300 K range
by means of a 21SC model Cryodine Cryocooler of CTI
Cryogenics equipped with KRS5 and fused silica windows.

The visible and infrared emission decay times were mea-
sured by exciting the sample using both the fundamental and
the frequency-doubled emission of a pulsed tunable
Ti: Al,O5 laser. The emitted light was focused by a lens on
the input slit of a monochromator having 0.25 m focal length
and detected by a suitable detector (photomultiplier, or
InSb). The signal from the detector was sent to a digital
oscilloscope. The shortest response time of the system was
about 1 us.

Weak traces of other RE*, like Nd**, Ho**, Dy**, and
Tm3*, could be detected in the samples, thanks to the high-
resolution spectroscopy applied at 9 K. Each impurity was
identified by comparing the position of the very weak lines,
detected in the spectra, either with those of available samples
intentionally doped with a given RE* or with the data
quoted in the literature.?>?% For example, the unwanted Er**
concentration in a nominally pure sample was roughly esti-
mated as low as 50 p.p.m. (see Sec. IVD 1). No trace of
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FIG. 1. Optical absorption spectra measured at 9 K in the region
of the 4115,2H4II3,2 Er3* transition for BaY,Fg samples doped with
different F, and for a pure sample. Curve a—pure sample, res.
=0.1 em™!; curve b—Fa =0.5%, res.=0.02 cm™!; curve c—F4g.
=2%, res.=0.04 cm™!; curve d—F%‘r=12%, res.=0.04 cm™!; and
curve e—F% =20%, res.=0.4 cm™.

OH™ ions was detected, at least in samples as thick as 7.5
mm and within the sensitivity limits of the present experi-
mental setup, which was proven to monitor hydroxyl ion
doping levels as low as 3X 10> cm™ in one thick (4 cm)
LiF: Mg (Ref. 27) and ~0.2 p.p.m. in a 1 mm thick
KMgF;.2® The result emphasizes the laser quality of the
samples grown and investigated in the present work, since
OH-containing species are known to cause luminescence
quenching.?-3!

Preliminary linear dichroism measurements were per-
formed in the infrared by using a gold grid polarizer depos-
ited onto a KRSS5 substrate.

X-ray diffraction measurements, performed at INTIBS
(Wroctaw, Poland) with a single crystal diffractometer KM-4
by KUMA Diffraction equipped with x-ray CCD detector,
showed that no phase separation occurs even in highly doped
samples (Er** 20 at. %).

For thermal treatments a thin sample was kept in a fused
silica tube for 4 h at 600 °C, then cooled to room temperature
onto a copper plate.

III. RESULTS
A. Effects of the Er** concentration on the 9 K spectra

The complex narrow line absorption spectra related to the
Er** transitions from the fundamental *I,s, to the excned
411%/27 4111/2’ 419/27 41:9/2’ 483,2, 2Hll/2’ Faps 4F5/2’ and F%/z
manifolds, were monitored at 9 K by applying the high-
resolution spectroscopy to BaY,Fg samples doped with the
four Fi quoted in Sec. II. Examples of such spectra,
measured at 9 K, are provided by Figs. 1 and 2 for the
4115/2—>4113/2 and 4115/2—>4I” J, transitions, respectively. For
the sake of comparison the spectrum of a nominally pure
BaY,Fg sample is displayed in Fig. 1, curve a. The line
amplitudes increase by increasing the Er’* concentration:
this is clearly proven in Fig. 1 by the medium intensity lines,
as for example the lines at 6505.15, 6556.99, and

wave number (cm”)

FIG. 2. Optical absorption spectra measured at 9 K in the region
of the 4IIS/ZH“I 12 Er’* transition for BaY,Fg samples doped with
different Fy. Curve a—F4=2%, res.=0.4 cm™!; curve h—Fp
=12%, res.=0.4 cm™!; and curve c—F§ =20%, res.=0.4 cm™".

6695.60 cm™!, respectively. The spectrum of the nominally
pure sample is practically flat: only three extremely weak
lines are detected at 6530.23, 6582.44, and 6606.23 cm™',
respectively, exactly in correspondence of the strongest lines
observed in Er**-doped samples (in Fig. 1 they are marked
with circles).

The linewidths increase by increasing the doping level, as
displayed in Fig. 3 for the weak 6484.36 cm™! line, while the
positions are independent of the Er**-concentration, as
clearly shown in Figs. 1-4. In Fig. 3 the lines, normalized to
their maximum amplitude, are portrayed for different Fy,
e.g., for 2 (curve a), 12 (curve b), and 20 Er** at. % (curve
c), respectively. In samples with the lowest Er** doping (0.5
at. %) the linewidth is as small as 0.13 cm™'. It should be
remarked that, for a given Fi, the lines occurring at the
lowest wave numbers are the narrowest (see for example Fig.
1, where the lines below 6620 cm™! are significantly nar-

4 4 .
1512 1312

A3 line

6481 6482 6483 6484 6485 6487

wave number (cm™)

6486

FIG. 3. Optical absorption spectra measured at 9 K and related
to the A3 line at 6484.36 cm™" within the *I,5,— I3, Er** tran-
sition for BaY,Fg samples doped with different F. The peak am-
plitudes are normalized to one. Curve a—F]?r:Z%, res.
=0.04 cm™; curve b—Fg=12%, res.=0.04 cm™!; and curve
c—F%=20%, res. =0.04 cm™.
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FIG. 4. Magnification of the optical absorption spectra measured
at 9 K in the region of the 41|5/2H41]3/2 Er** transition for BaY,Fg
samples doped with different F, and for a pure sample. The pur-
pose is to put in evidence the weaker lines. Panels (a) and (b)
display the regions around the A2 line at 6505.15 cm™" and the A1l
line at 6530.23 cm™!, respectively. The inset in panel (b) gives fur-
ther details of the spectra, as obtained from a thinner sample
(thickness=0.9 mm). In all panels: curve a—pure sample, res.
=0.1 cm™!; curve b—Fg:O.S%, res.=0.02 cm™!; curve c—Fla:fr
=2%, res.=0.04 cm™!; curve d—F%ﬂle%, res.=0.04 cm™!; and
curve e—F% =20%, res.=0.04 cm™!.

rower than those appearing above 6650 cm™', see Sec.

IVD?2).

Additional weaker peaks are detected in the most heavily
doped samples; compare, for example, curves e and d with
curve b in Fig. 1 in the wave number region
6507-6530 cm™'. The additional peaks, indicated by arrows,
in the region of the *I,s,,— “I,3, transition can be more eas-
ily distinguished by inspecting the magnified spectra dis-
played by Figs. 4(a) (6489-6513 cm™' region) and 4(b)
(6514—6534 cm™' region). Additional lines are also observed
in other spectral ranges where the Er** optical absorption
transitions occur: examples of them, indicated by arrows, are
portrayed in Figs. 2 (*I;s),— I, transition), Fig. 5(a)
(1,5, — *F,, transition), and Fig. 5(b) (*I,s,,— *H,,,, tran-
sition).

As mentioned above, in the spectra of a nominally pure
sample very weak lines appear exactly at the same wave
numbers as a few strong lines in Er’**-doped samples: ex-
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FIG. 5. Magnification of the optical absorption spectra measured
at 9 K for BaY,Fg samples doped with different Fyy. and for a pure
sample. The purpose is to put in evidence the weaker lines. Panels
(a) and (b) display the regions around the Al lines at
15315.20 cm™" and at 19 168.72 ecm™, within the *I;5,— *Fy,, and
1, 5/2H2H| . Er** transitions, respectively. In all panels: curve
a—pure sample, res.=0.1 cm™'; curve b—Fpg=2%, res.
=0.5cm™; curve c¢—Fp=12%, res.=0.5cm™'; and curve
d—F%=20%, res.=0.5 cm™!.

amples are those peaking at 6505.15, 6530.23, 6582.44,
6606.23, and 15315.20 cm™! [see Figs. 1, 4(a), 4(b), and
5(a)]. This result suggests that weak unwanted traces of Er**
are present even in the nominally pure sample and can be
detected due to the sensitivity of the high resolution FT spec-
troscopy applied at low temperature.

The analysis and the origin of the lines are discussed in
Secs. IV A and IV D 3.

B. Effects of temperature on the spectra

By increasing the temperature the lines broaden and shift.
The amplitude decreases for some of them, while it increases
for others. Sharp, well-resolved lines, especially in the
6450-6650 cm™! region, are observed at 9 K. The lines are
broader at 80 K and new ones appear with respect to those
measured at 9 K: they are characterized by a marked over-
lapping. At 300 K a broad, weak, practically structureless
spectrum is detected. Details for a few lines, which work as
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FIG. 6. Temperature dependence of the optical absorption spec-
tra in the region of *I,5,— *I,3,, Er** transition for a BaY,Fg:Er**
0.5 at. %. Panels (a) and (b) display the detailed temperature depen-
dence of two lines, i.e., the C1 line at 6606.23 cm™! and the A2 line
at 6505.15 cm™!, respectively. The measurement temperatures and
the related peak positions are indicated by arrows. The resolution is
0.02 cm™! for the spectra measured at 9 K and 0.04 for the other
temperatures.
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examples, are shown by Fig. 6. By increasing the tempera-
ture, the line peaking at 6606.23 cm™! broadens, becomes
weaker and weaker, and shifts towards lower wave numbers
[Fig. 6(a)]. On the contrary, the line at 6505.15 cm™' is
strongly enhanced at 30 K, then decreases, broadens, and
shifts towards higher wave numbers [Fig. 6(b)]. Figure 7
summarizes the behavior of three lines (at 6530.23, 6505.15,
and 6484.36 cm™' ) for what concerns the peak absorption
coefficient w vs. temperature [Figs. 7(a)-7(c), respectively].
However, it should be remarked that the line amplitude de-
crease, displayed in Figs. 7(a)-7(c), is emphasized by the
simultaneous temperature induced line broadening [see, for
example, Fig. 6(b) for the 6505.15 cm™! line]. The width
change is taken into account by Fig. 7(d), which portrays the
behavior of the area A, subtended to the absorption line,
versus the temperature for the 6505.15, 6484.36, and
6428.60 cm™! lines. Their area increases monotonically with
the temperature and does not show any maximum, as, on the
contrary, displayed by the absorption coefficient in Fig. 7(b)
and 7(c). At variance with respect to the other lines, the area
under the 6530.23 cm™! line [not displayed in Fig.7(d) for
the sake of clarity] decreases monotonically, as the absorp-
tion coefficient does [Fig. 7(a)].

C. Anisotropy of the spectra

BaY,Fg is a low symmetry crystal (see Sec. I): it is mono-
clinic and biaxial. Therefore, the Er** impurity absorption
line amplitudes might change by changing the direction of
the incident light beam and/or its polarization. Preliminary
measurements performed by using linearly polarized light
showed that the Er’** spectra are dichroic. An example is
given by Fig. 8(a), where spectra of a BaY,Fg:Er’* 20 at. %
sample are compared for two different light polarization di-
rections. Both spectra are measured at 9 K with light incident
along the [010] direction: many of the structures observed
for the light electric field £ parallel to the [001] direction
(curve a) are absent or weaker, if £ is perpendicular to it
(curve b).

4 4
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80+ (6530.23 cm™) 1 gol e (650515 cm’) |
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FIG. 8. Dependence of the optical absorption spectra on the
light polarization and on the temperature for the analysis of the
additional lines accompanying the A2 line (6505.15 cm™') within
the “I, 5,2—>4113/2 transition. Spectra measured at 9 K on
BaY,Fg:Er** 20 at. % samples. Panel (a) displays two polarized
spectra with the light beam propagating along the [010] direction
(res.=0.1 cm™'): curve a—light electric field £ parallel to the [001]
direction; curve b—¢& perpendicular to the [001] direction. Panel
(b) displays the spectra at 9 K (curve a, res.=0.04 cm™') and at 30
K (curve b, res.=0.1 cm™).

With the aim of evaluating the Judd-Ofelt parameters,
spectra were also recorded at 180 and 300 K by using unpo-
larized light incident along three different orthogonal direc-
tions (see Sec. IV B). Anisotropy effects were detected as
well, although they were not as pronounced as those dis-
played in Fig. 8(a), due to the line broadening and overlap-
ping occurring at 180 and 300 K. A modest anisotropy was
also reported for spectra of Er’**-doped BaY,Fg measured at
RT in the wave number ranges of the 4115/2*>4I” , and
1,5, — "I, transitions.'?

IV. DISCUSSION
A. Line attribution

Because of the electrostatic and spin-orbit interaction, the
4f'"" configuration of the free Er’* ion is split into 41
manifolds.!” A further splitting is induced by the crystal field,
if the ion is embedded into a crystal lattice. In the case of
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monoclinic BaY,Fg, the low symmetry of the crystal field
causes the splitting of each 27! , manifold into (2J+1)/2
sublevels (Kramers doublets).!” For example, the ground
state *I,5,, should be split into eight sublevels and the first
excited state 4113,2 into seven, respectively: such a large num-
ber of sublevels, among which the electronic transitions can
occur, explains the complexity of the absorption spectra in
the region of the *I,s,, — *I 5, transition (see Fig. 1). A care-
ful analysis of the spectra, as a function of temperature, is the
key for supplying a correct attribution of the absorption lines
and for evaluating the ground and excited manifold splitting
induced by the crystal field. An example of such a procedure,
applied to the “I,5,,— 1,5, transition, is illustrated by Fig. 7.
The line at 6530.23 cm™' (labeled as A1) is very strong at 9
K where the lowest sublevel of *I,s;, (labeled as 1) must be
populated, and decreases monotonically by increasing the
temperature [see Fig. 7(a)]. On the contrary, the areas sub-
tended to the lines at 6505.15 cm™' (labeled as A2), at
6484.36 cm™! (labeled as A3), which are both already detect-
able at 9 K, and at 6428.60 cm™' (labeled as A4), which is
absent at 9 K, increase monotonically by increasing the tem-
perature [see Fig. 7(d)], in accordance with the fact that the
lowest sublevel population decreases in favor of the sublev-
els 2, 3, 4,... of the 4115/2 manifold, lying at higher energies.
Each line was therefore labeled as Xi, where X=A, B, C,...
indicates a given sublevel of an excited manifold and
i=1,2,...,8 the sublevel of the ground manifold, from which
the absorption transition starts (see Table I, last column). The
energy values of sublevels related to the 4115/2, 4113/2, 41” 2
*Loss> Fops *S3/25 Hy s “Fyp, and *Fs), manifolds were de-
termined and collected in Table I for 9 and 180 K (seventh
and eighth columns, respectively). The number of sublevels
for each manifold corresponds to the expected value of (2]
+1)/2. It should be remarked that the X1, X2, X3, and X4
lines could be detected in most of the spectra measured at 9
K and related to the different transitions, therefore the posi-
tions of the sublevels 2, 3, and 4 with respect to the position
of sublevel 1, which was assumed to lie at energy zero, could
be averaged over a large number of data and evaluated with
high accuracy. For example the position of the sublevel 2
was estimated from the difference between the wave num-
bers of 29 pairs of X1 and X2 lines, spanning over a large
spectral range (6500—19 500 cm™'), like that covered by the
Tisn— T3 Tiye “lops “Fops Sy, and *H, ), transitions,
respectively. Within the experimental error the values ob-
tained were independent of the spectral range and/or the tran-
sition considered. The mean value was estimated as
25.01+0.08 cm™! at 9 K, which should be compared with the
value 26+0.5 cm™! at 77 K reported in the literature and
obtained from fluorescence measurements performed at a
resolution of 0.5 cm™'.!® The accuracy improvement attained
in the present work is related not only to the higher statistics,
but also to the better spectral resolution (0.02—0.04 cm™')
and to the measurements performed at lower temperatures.
The modest separations AE, | of the sublevels 2 and 3 with
respect to the ground sublevel 1 (i.e., AE,; and AE;;~25
and 46 cm™!, respectively) explain why the X2 and X3 lines
can be easily detected even at 9 K, being the two sublevels in
part populated. In fact, by using the Boltzmann statistics, the
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TABLE I. Sublevel positions (cm™) for different manifolds *'L , of Er** in BaEr,Fg, BaYb,Fg, and
BaY,Fg, as derived from fluorescence and absorption measurements performed at different temperatures. The
experimental data are compared to the calculated ones (last but one column). Each sublevel is labeled in the
last column with either a number or a letter, see text.

BaEr,Fg BaYb,Fg BaY,Fg
ML, 77K* 110K* 77K’ 77K® 300K°  9K¢ 180 K¢ 9K®  Sublevel
s 0 0 0 0 0  0.00 0 -4.1 1
24 26 24 24 2501  242x07 269 2
46 47 46 46 4596 45607 447 3
102 103 101 97 101.69  98.5+0.9  104.2 4
282 284 283 280 280.5+3.9  284.1 5
330 329 323 330 329.8+4.4 3294 6
372 370 365 362 362.0+4.1  372.3 7
410 410 410 405 400 400319  413.6 8
i3 6530 6532 6532 653023  6530.5 65347 A
6585 6580 6590 658244 65813 65847 B
6608 6602 6607 660623 66053  6610.5 C
6701 66321 6656 6695.60  6698.7  6697.4 D
6740 6697¢ 6700 6739.10 67372 6739.2 E
6750 6748" 6740 6746.19 67450 67557 F
6785 6780 6790 678145 67794  6790.6 G
1in 10 232 10227 10230 10227.51 10227.5 10215.7 A
10 275 10270 10285 10270.09 10269.5  10260.7 B
10313 10308 10309 1030737 103064 10301.2 C
10328 10328 10323 10325 1032243 103222  10315.6 D
10 339 10335 10335 10333.19 103319 103315 E
10 354 10350 10348 10348.88 10346.6 10350.5 F
o 12378 12 385 1237579 123756 123594 A
12 490 12 495 1248629 124847 124833 B
12 580 12 585 1257469 125732 125743 C
12 623 12 627 12617.80 126155 126215 D
12693 12693 12 695 12687.63 126849 126945 E
*Foy 15337 15336 15312 15320 1531520 153148 153174 A
15 342 15335 15340 1533551 153350 15336.1 B
15412 15387 15395 15389.80 15388.0 153918 C
15 447 15420 15430 1542350 154222 154256 D
15 509 15499 15507 15502.50  15500.0  15505.7 E
S5, 18455 18453 18457 18457 18449.99 184499  18439.0 A
18 522 18525 18520 1851899 185160 18505.9 B
H,,, 19168 191531 1916872 19169.8 191773 A
19 200 191800 19200.61 192004  19206.0 B
19232 192105 1923150 192315  19240.5 C
19332 19240 1932890 193278 193079 D
19 352 19312 19346.15 193460 193227 E
19 371 19373 19367.02 193654 193458 F
*Ey) 20 581 20580.89 205815 A
20 603 20602.41 20 601.6 B
20711 20660.12 20 658.2 C
20725 2072212 20719.4 D
*Fs) 22276 2227447 222785 A
22294 2229275 22291.0 B
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TABLE 1. (Continued.)
BaEr,Fg BaYb,Fg BaY,Fg
S 77K* 110K* 77K°® 77K° 300K° 9 Kd 180 K¢ 9K®  Sublevel
22329 22327.18  22324.0 C
*Fy, 22 674 A
22691 B
Hy) 24 545 A
24613 B
24 686 C
24742 D
24784 E
“From Ref. 5.
From Ref. 18.
‘From Ref. 1.

dpresent work.

®Present work: calculated values, see IV C.
TActually an E4, while E1 is missing.
EActually a D1.

hActually an F1.

iActually a B3.

iActually a C3.

KActually a C2.

ratio of the populations of the sublevels 2 and 3 to that of the
sublevel 1 is given by exp(-AE, /kT), i.e., 0.018 and
6.3 107* for n=2 and 3, respectively.

The comparison of the sublevel energy values listed in the
seventh and eighth columns of Table I and related to two
different temperatures (9 and 180 K, respectively) shows that
the sublevel positions and the manifold splittings are affected
by the temperature. Such a result is not unexpected because a
temperature enhancement induces some lattice expansion,
not necessarily isotropic, which can slightly change the crys-
tal field experienced by Er’*. The detailed analysis of the
temperature dependence of the line position and width in
terms of electron-phonon coupling will be analyzed in a
separate paper.

In Table I the energy values of the sublevels are compared
with those reported in the literature and related either to two
Er**-doped matrices (BaY,Fg!'!'® and BaYb,Fg’) and to
BaEr,Fg, where Er** substitutes completely Y>*.> These ex-
perimental data, mainly obtained by means of fluorescence
measurements, usually at temperatures higher than those of
the present work and with a wave number accuracy in the
0.5-2 cm™! range, show a rather good overall agreement.
Examples of a more accurate line attribution, resulting from
the present work, with respect to that supplied by the litera-
ture, are provided by the lines peaking at 6632, 6697, and
6748 cm™! (at 77 K, see the fifth column in Table I): these
were previously identified as D1, El, and F1 lines, respec-
tively (within the *I;5,,— 1,3, transition), but they are actu-
ally E4, D1, and F1, respectively.1 Such an incorrect attribu-
tion is easily justified due to the large number of overlapping
lines, exhibited by spectra measured at 77 K, as in the case of
Ref. 1. Still more difficult was the correct attribution of the
lines peaking at 6656, 6700, 6740, 19 153, 19 180, and
19210 cm™!, respectively, listed in the sixth column of Table

I, since the spectra measured at 300 K show broad and over-
lapped bands.

As already noticed in Ref. 5, there is no large difference
among the energy levels of Er** in BaY,Fg, BaYb,Fg, and
BaEr,Fg (see Table I), although differences in the oscillator
strength are recorded between BaY,Fg and BaYb,Fg from
one side and BaEr,Fg on the other. Such a difference can be
easily accounted for by comparing the Judd-Ofelt parameters
related to the three systems (see Sec. IV B and Table III).

B. Judd-Ofelt parameters

Transitions between 4f states are forbidden in the electric
dipole approximation for free rare earth atoms and ions.
Whenever they are embedded in a solid, the crystal field
makes the transitions partially allowed. A Judd-Ofelt
analysis’®?! was carried out for the absorption spectra re-
corded at 180 K. The line strengths S(aJ,bJ') =S, were
experimentally determined by the TPM method,” and the
Judd-Ofelt parameters ), (1=2, 4, 6) were determined by
minimizing the rms deviation 6 between S, and

S(al,bJ') = Sp= 2 QUallUV b)), (1)
1=2,4,6

using the squared reduced matrix elements for the Er’* ion
tabulated in Ref. 32, after subtracting the calculated mag-
netic dipole contribution (which was found to be significant
only for the 4Il 5,2—_>4I]3,2 transition) to Seyp,.

The values of S(C')z obtained for each transition considered
are listed in Table IIptogether with the values of & (manifold
barycenter wave number) and of the refractive index n
(which was calculated by the Sellmeier dispersion equation
with literature parameters>® for BaY,Fg and was found to be
in excellent agreement with values measured at wave num-
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TABLE II. Values of & (at 180 K), n, Sy, (from spectra measured at 180 K), and Sy, for different

transitions. Sey, and Sy, are given in units of 1072 cm?.

2

Transition &(cm™") n Sexp S S S

50— 50 6617 1.517 221 2.03 2.13 221
2.664

sn— 00 10 303 1.519 0.47 0.58 0.60 0.63
*I,5p— *Fop 15372 1.523 0.93 0.89 0.95 0.93
50— "3 18513 1.526 0.19 0.30 0.31 0.33
50— H, 19234 1.527 135 1.35 1.35 1.35
1,55 — "Fy) 20 560 1.529 0.63 0.92 0.97 1.00
15— "Fs) 22274 1.531 0.20 0.30 0.32 0.33

4All the transitions listed are considered for the 6 minimization.
PAll the transitions listed are considered, except the *I, 5,2—>4F7/2, for the 6 minimization.
“The three strongest transitions (4115/2_’4113/2’ 4F9/2, and “H,,,, ) are considered for the 6 minimization.

YIncludes the magnetic dipole contribution.

bers close to the spectral regions where the Er** transitions
occur*¥). Table II also lists the Sy, values obtained in three
ways: (a) by including in the minimization procedure all the
seven transitions listed; (b) by including all the transitions
except the *I,s,,— “F,,,, whose Sexp Was probably affected
by a relatively large uncertainty due to baseline subtraction
problems; and (c) by including only the three strongest tran-
sitions  (“Ls— Lizp. L5 "Fop, and 5 —Hyyp,
which contribute for 75% of the whole absorption strength).
In the latter case one has three equations, which can be ex-
actly solved with respect to the three J-O parameters. The
so-obtained Judd-Ofelt parameters, displayed in Table III, are
quite stable, and no dramatic worsening in the agreement
between S, and Sy, is found for the excluded transitions
(Table II).

The present J-O parameters are compared in Table III to
those reported in the literature for BaY,Fg and BaEr,Fg.3%3
The values of (),, )y, and (g, listed in columns 2-6 are
comparable, although those resulting from the present analy-
sis are slightly higher. The difference may arise from the fact
that the parameters quoted in the literature (fifth column) are
attributed to BaYng:Er,35 but the experimental data, taken
from Ref. 5 and used to compute them, seem to be related

rather to a BaYb,Fg:Er** sample. This hypothesis is sup-
ported by the similarity of these parameters (fifth column)
with those listed for BaYb,Fg (sixth column).’ The slight
differences between the two data sets might arise from the
different transitions used in the minimization procedure.

A more relevant difference occurs between the J-O pa-
rameters for Er’* as a dopant in BaY,Fg and BaYb,F (sec-
ond to sixth column) and for Er** as a matrix component in
BaFr,Fg (seventh column).?

The spontaneous emission probability

647’ n(n*+2)°

A=S(aJ,bJ' ; 2
@b o) 9 @
and the radiative decay time
1
7,00 = 3)
2 Aa.l,b]’

bJ'

for several transitions were also calculated by using the J-O
parameters listed in Table III, third column (six transitions
are considered for their evaluation, see above). In Table IV
the values of A and 7, ;o are listed and the latter are com-

TABLE III. Judd Ofelt parameters ), and & (given in units of 102° cm?) obtained from the present data
and compared to those quoted in the literature as related to the BaY,Fg:Er’* system. The data related to

BaYb,Fg and BaEr,Fg are also displayed.

Parameter BaY,Fg? BaY,Fg" BaY,Fg* BaY,Fg (?)¢ BaYb,Fg® BaEr,Fg!
Q, 1.44 1.39 1.44 1.06 1.08 0.43
Q, 0.48 0.54 0.45 0.4 0.38 1.21
Qe 1.36 1.42 1.49 0.91 0.98 1.1

5 0.20 0.13

“Present work: all the transitions listed in Table II are considered.

bPresent work: all the transitions listed in Table I are considered, except the I, 5,2—>4F7,2.
“Present work: only the three strongest transitions among those listed in Table II are considered.
dFrom Ref. 35: very likely the system is BaYb,Fy rather than BaY,Fg, see text.

°From Ref. 5.
fFrom Ref. 36.
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TABLE IV. Spontaneous emission coefficient A, radiative lifetime 7, j, as obtained from the present analysis on a BaY,Fg:Er** 2 at. %
sample, and radiative lifetime 7, ,,, measured in the present work and by different authors. The values of 7, j5 and 7, , are given in ms. The
F f‘;r is also indicated (in parentheses). The manifold of the initial level is given, while the final one is 411 s, for all the transitions considered.

Aqy is the spontaneous emission coefficient as obtained from the J-

O analysis according to Ref. 36.

Initial

level A(s™) 7.,02%) 7.,05%) 7.,1%) 7.,2%) T,(5%) T,(10%) 7,,(20%) 7,,(50%) 7,,(100%) Ap(s™)

., 986 10.1 10.8° 10.6b¢ 8.3¢ 80.5

119.6° 8.4¢ 116°

15.0+3f 16.0+2f

L, 139.0 7.2 11.0° 11.00¢ 6.74 104
9.9f 10.0f 9.6>¢ 10.1

My, 4766 2.1 0.0096P 0.0096>  0.0096"  0.0082>  0.0042"  0.00024° 115

*Foy 868 1.2 0.3 0.43%¢ 1085
1.06 0.91f 0.67¢
1.08¢ 0.4b¢

*S,,  1663.8 0.60 0.834 0.60¢ 0.035¢ 1369
0.612 0.63° 0.075° 0.03° 0.0087 0.0005"  <0.0002°
0.59" 0.73¢ 0.009"
0.696f 0.57F

Hy, 22122 0.45 0.0254

“From Ref. 36, Te.s=300 K.

"From Ref. 13, Tpeas=300 K.
€According to the quoted authors, 7, ,,
9From Ref. 19, Tpeas=77 K.
Includes the magnetic dipole contribution.
TPresent work, Tipe,s=180 K.

gFrom Ref. 1, Te0s=300 K.

"From Ref. 37, Tpeas=300 K.

From Ref. 1, Tpens=77 K.

does not depend on F.

pared with the radiative lifetimes 7, ,, measured at different
temperatures and for different Fj., either in the present work
or quoted in the literature."'>193¢ This also allowed a more
straightforward comparison with BaY,Fg:Er** literature
data, since Ref. 36 does not supply the J-O parameters, but
rather the spontaneous emission coefficients A, which are
listed in Table IV and compared to those evaluated in the
present work according to Eq. (3). The overall agreement is
reasonably good, if 7,5 and 7, , are compared for compa-
rable Fi. In this framework large difference is observed be-
tween 7, o and 7, , for the 419,2 level: however this result can
be accounted for by the interpretation already given for their
very short 7, ,, by Knowles and Jenssen, according to whom
the 419/2 population quickly relaxes to the metastable 41” N
level by strong nonradiative decay.!’> The good agreement
between 7, ;o and 7, , for the 4S3 1, level confirms the correct-
ness of our choice for the J-O parameter determination, not-
withstanding the non-negligible difference between Sy, and
Sexp for the weak 55— "S5, transition (see Table II). The
discrepancy between our 7,5 and 7,,, for the 2H9,2 level
might arise from concentration induced quenching, since the
unique available 7, ,, value is related to a highly Er-doped
sample (Fjx =20% ). In principle the sum in Eq. (3) should be
evaluated on all the transitions connecting the single crystal
field sublevels belonging to the rare earth manifolds. The
spontaneous emission coefficients can be obtained from the

absorption data through the Einstein relations. From an ex-
perimental point of view this approach is practically impos-
sible, for different reasons. In 9 K spectra the main lines are
often out of scale, therefore the subtended area cannot be
measured; moreover the absorption lines related to transi-
tions starting from the more excited sublevels of the ground
manifold cannot be monitored: they become detectable for
example at 180 K (see Table I) where, on the other hand, a
remarkable overlapping among the absorption lines forbids
the correct evaluation of the area subtended to most of them.

C. Crystal-field and Newman’s superposition model

From the theoretical point of view, a calculation of the
energy levels of the 4f" configurations in solids based on the
single-ion model usually yields good results, being also im-
portant to understand the microscopic origin of the crystal-
field (CF) potential at the RE** site. The RE** Hamiltonian
can be written as

H = Hp; + Hc, 4)
where I:IFI is the free-ion part of the total Hamiltonian H,

while I:ICF describes the CF interaction. The atomic part of
Eq. (4) is written as
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Hpy=Egy+ 2 Ffo+ CHyo + al(L+ 1) + BG(G,)
k

+yG(Ry) + 2, T+ > M+ > Ppy, (3)
i j k

where k=2, 4, 6;i=2, 3,4, 6,7, 8; j=0, 2, 4; the reader can
refer to the literature for a detailed description of the various
operators and parameters, which have become quite
standard.’® The CF Hamiltonian is written as

Hep=2, > BICY, (6)
k q

where the tensor operators (t"Z are expressed according to
Wybourne normalization.*’ The energy levels experimentally
measured at 9 K (seventh column in Table I) were fitted with
the above theoretical model:*' the agreement between ex-
perimental and calculated energy levels given in the last but
one column in Table I is quite good, with a rms deviation of
6.3 cm™.

The resulting CF parameters were analyzed by means of
Newman’s superposition model,>> which states that the CF
potential experienced by the rare earth ion is the sum of
axially symmetric individual contributions from each ligand.
In this framework, the CF parameters which appear in Hcg
can be expressed as

B{= ; By(R)K{(6,¢0). (7)

where K{ are the coordination factors defined in Ref. 23 and
R, is the distance between the RE ion and the €th ligand.
Assuming the power law

B(R) =Ek(Ro)(%) | (®)

where the “standard ligand distance” R, was fixed at 2.275 A
(i.e., the average Y3*-F~ distance?), the values of the intrinsic
parameters were fitted so that the CF parameters obtained
from the experimental data can be correctly reproduced by
Eq. (7). It is known that, when a paramagnetic ion is substi-
tuted into a diamagnetic host, local distortions of the sur-
rounding sites may take place. In this case, the parameters
calculated within Newman’s superposition model do not
match those obtained by the experimental data fit without
taking into account an anisotropic compression*! (about 2%
in size) of the F~ ligand cage surrounding the Er’* site.
The intrinsic parameters were determined as: B,(R,)
=1020 cm™"; B,(Ry) =490 cm™'; Bg(R,) =290 cm™', with
t,=5; t,=06; t,=10. On the other hand, the large uncertainties
displayed by some of the fitting parameters (Table V) were
put in relation with a possible off-center position of the Er’*
ion with respect to the original Y3* position. The results of
our calculations*' are in line with an absolute deviation A
<0.05 A in both directions along the C, symmetry axis.

PHYSICAL REVIEW B 72, 075132 (2005)

TABLE V. Comparison between the crystal-field parameters
(cm™!) obtained from the experimental data fitting and those calcu-
lated by applying Newman’s superposition model. In the latter case,
the uncertainties are estimated taking into account a possible off-
center position for the Er* ion (Ref. 41).

Parameter Data fit Superposition model
B -450+30 -450+20
B; 60+50 6040
B -1430+130 -1330+90
B, 350270 430+ 150
B 110100 220130
B; 5+120 -100£130
B 410+80 400+40
BY 470170 550+90
Bi -250+180 -270+70
B; -50+75 ~20+50
B; -80+120 -10+30
Bt 39080 34010
B ~370+60 -310+50
B 25090 3020

D. Concentration effects
1. General remarks

The experimental results (Sec. III A and Figs. 1-5) show
that, by increasing the Er** concentration, the line amplitude
(Figs. 1 and 2 and Figs. 4 and 5) and width (Fig. 3) increase
and new, weak lines appear (Figs. 2, 4, and 5, where the new
lines are indicated by arrows). Henceforward the new lines
are referred as the additional lines. The increase of all the
line amplitudes with the Er** concentration is expected and
is a direct proof that the lines, of negligible amplitude in the
nominally pure sample (Sec. III A and curves a in Figs. 1
and 4), are induced by Er**. For the lowest Fp. (i.e., 0.5 and
2 at. %) a proportionality between the line amplitude and Fy.
can be caught at a glance, by comparing curves b and ¢ in
Fig. 1, in fact curve b, which displays the spectrum of a
BaY,Fg:Er’* 0.5 at. % sample magnified by a factor four,
exhibits practically the same line amplitudes as curve c, re-
lated to a BaY,Fg:Er’* 2 at. % sample. For higher Fj, it is
more difficult to verify the general trend between the line
amplitude and Fj, because the main lines (X1 lines) are very
strong and, thus, either out of scale or affected by the detec-
tor nonlinearity. By assuming a linear dependence between
the line amplitude and the Fj, at very low Er** concentration,
it was possible to estimate very roughly the Er** doping as
~50 p.p.m. in the nominally pure sample (Fig. 4).

2. Line width

As a general remark, the line width is rather small for
lines occurring at low wave numbers; compare, for example,
in Fig. 1, the widths of the lines peaking below 6650 cm™!
with those appearing at higher wave numbers. The effect
becomes more pronounced for lines monitoring transitions to
higher energy lying levels. For example in a BaY,Fg:Er’* 2
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TABLE VI. Absorption coefficient u, half-maximum full width W, and ratio Q= u X W/Ng, at 9 K for
the A3 and B3 lines (4115,2—>4113/2 transition), peaking at 6484.36 and 6536.48 cm™!, respectively, as a

function of F/“E‘r and of the Er** concentration N,

at
FEr

%a. f. NgX 10720 (em™)  wys(em™) Wys(em™) Q43X 108 (cm) ugs(em™) Wes(em™) Qpy X 10'8(cm)

0.5 0.64 0.07 0.108
2 2.57 0.13 0.18
12 15.4 0.57 0.42
20 25.7 1.92 1.41

1.2 0.04 0.2 1.25
0.91 0.34 0.17 2.25
1.6 0.84 0.46 2.51
10.5 7.26 0.91 26.5

at % sample the width of the A2 lines peaking at 6505.16
(Lisp— I13/2) 10 202.27 (Lisp = "T11)s and
19143.63 cm™ (*I;5,,— *H,,,,) is 0.1, 0.53, and 1.6 cm™,
respectively. Such a broadening can be in part accounted for
by considering that for high lying levels the spontaneous
emission decay channels are many more than for the low
ones. This involves a shortening of the radiative lifetimes 7,
as confirmed by Table IV, and, as a consequence, a line
broadening. A shortening of the radiative lifetime by increas-
ing the starting level energy is reported also for BaYFs: Er**
crystals.!?

However, the main source of line broadening is the inho-
mogeneous one, being caused by the presence of Ba, Y, F,
and Er isotopes, by the '®’Er**-related hyperfine splitting, by
the disorder due to defects and to Er’** random distribution. A
remarkable broadening occurs for a given line by increasing
the Er** concentration, as demonstrated by Fig. 3, where
curves a, b, and ¢ portray the A3 lines at 6484.36 cm™! in
BaY,Fg samples doped with 2, 12, and 20 Er** at. %, respec-
tively. The peak amplitudes are normalized to one to empha-
size the effect. Table VI lists the half-maximum full width W
of two absorption lines peaking at 6484.36 (A3) and
6536.48 cm™! (B3), respectively, for all the concentrations
investigated: the line at 6484.36 cm™! broadens by a factor
27 by increasing Ff. from 0.5% to 20%. In the nominally
pure sample the Er** lines are narrower, for example the
width of the Al line (at 6530.23 cm™') might be even less
than 0.02 cm™! in comparison with the value of 0.13 cm™!
for the same line in the BaY,Fg:Er’* 0.5 at. % sample. The
result is in agreement with that reported for 1 p.p.m.
Er**-doped LiYF,,'> for which the linewidth is even nar-
rower (in the range 103-4 X 1073 cm™!, see Sec. I). Similar
broadening was observed for all the lines, even if this is less
pronounced in the case of lines already rather broad in low
concentration samples, as for the B3 line peaking at
6536.48 cm™! (see Table VI).

The result can be explained by considering that the ran-
dom distribution of Er** ions over the Y3* sites causes lattice
disorder, thus a given Er** ion, notwithstanding it is shielded
by the eight F~ polyhedron, experiences slightly different
crystal fields, depending on its separation from other Er**
ions. By increasing the concentration, the average distance
among the Er** ions decreases and the Er**-Er** interactions
are monitored by the inhomogeneous line broadening. In
fact, the line shape changes too by increasing the Er** con-
centration. In less doped samples the narrowest lines are
clearly Lorentzian shaped, as shown for example by Figs. 3

(curve b and Fy =12%) and 6 (F§,=0.5%). In Fig. 3 the line
shape changes from Lorentzian (curve b) to Gaussian (curve
¢) by increasing Fy. from 12% to 20%, supporting a concen-
tration induced 1nhomogeneous line broadening. Similar re-
sults and explanation were reported for very narrow lines, as
those monitoring the stretching vibration of OH™ in sillenites
and in KMgF; at 9 K.?842 In both cases, the disorder typical
of mixed crystals (in sillenites) or induced by other impuri-
ties, as Pb?* in KMgF;, caused line broadening and line
shape changes.

As mentioned above, a line broadening suggests a radia-
tive lifetime shortening, due to short range interactions and
energy transfer among Er’* ions. A decrease of the radiative
lifetime by increasing the Er** concentration is reported for
the “Io;,— *1,5,, and *S,,—“I,5, transitions at 300 K in
BaYng samples] 13 (see Table IV) and for the *,3,— 115/2,

Ti1n— "Lisp: "Fop— "5, and *Sy,— 15, transitions in
BaYF; crystals.'” Furthermore in BaEr,Fg, where Y3* ions
are completely substituted by Er’*, self-quenching is
expected’® and observed,'3 as shown for the emissions from
the *Iy, and *S,;, manifold, respectively (see the eleventh
column in Table IV).

Another important feature to underline is that the area
under the A3 line at 6484.36 cm™ vs. F}, increases more
than linearly (Fig. 3). The ratio Q between the linewidth W
times the peak absorption coefficient & and the Er** concen-
tration N, is reported in Table VI, for the A3 and B3 lines,
peaking at 6484.36 and 6536.48 cm™!, respectively. The ratio
Q can be assumed roughly constant for both lines, within the
experimental error, for F.=0.5%, 2%, and 12%, but shows a
strong enhancement for Fi.=20%. Q, being by definition
proportional to ratio between the area A (under the consid-
ered absorption line) and Ng,, should be proportional to the
line strength S and should depend on the refraction index .
A change of n with the Er** concentration might occur. In the
absence of a detailed n dependence on the Er** doping, a
rough estimate can be done as follows. The refraction index
depends on the electronic polarizability « of atoms/ions
composing the material and « is proportional to >, being r
the atomic/ionic radius. Therefore a large change of the
BaY,Fjg refraction index is not expected as a consequence of
the Er’* substitution for Y3*, since the two ions have practi-
cally the same ionic radius (i.e., rg,=1.14 A and ry=1.16 A
in fluorides with coordination number=8).2> Anyway, the n
dependence on Er** concentration cannot justify by itself the
sharp Q increase by increasing Fy. from 12% to 20%. More
likely, the result can be explained by assuming that the tran-
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sition probability S is strongly modified by increasing Fy. to
20%. Such a change can be accounted for by the symmetry
modification of the crystal field experienced by a given Er’*,
if it is surrounded at a rather short distance by other Er**
ions. The local symmetry is lowered with a consequent in-
crease of the oscillator strength. At Fy =20%, the BaY,Fjg
crystal should be regarded as a mixed BaY,Fg-BaEr,Fg crys-
tal rather than an Er’**-doped BaY,Fs. This result suggests
that even the J-O parameters can be affected by the Er’*
concentration at high F. values, as also reported for YAG
crystals.®

Usually a superlinear dependence of the area under an
absorption line on the related absorption center concentration
(in the present case the Er’* ions) suggests that the line is
related to a complex center (for example, an aggregate of
Er’* ions), but this is not the case for the A3 and B3 lines
considered. In fact, such lines are due to transitions from the
sublevel 3 of the ground manifold to the A and B sublevels
of the excited *I,3, manifold, respectively (see Sec. IV A):
they are originated by the same absorption center that gives
rise to the corresponding Al and Bl lines, peaking at
6530.23 and 6582.44 cm™!, respectively. These lines are
present even in the nominally pure BaY,Fg sample with
weak Er’* traces, i.e., in very dilute solid solution, where the
Er’* ions must be assumed as isolated. Moreover, the attri-
bution of the lines to dispersed Er** is strongly supported by
the excellent agreement of the measured line positions, listed
in Table I (seventh column), with those calculated on the
basis of a theoretical model (ninth column), which assumes
that Er** is isolated in the BaY,Fg crystal field (see Sec.
IV Q).

3. Additional lines

The additional lines, which appear in the spectra of
samples doped with the highest Fy, (i.e., 12% and 20%) and
are indicated by arrows, for example in Figs. 4 and 5, cannot
be explained by the theoretical model based on Er’* dis-
persed in the BaY,Fg matrix. They accompany the strong Xi
lines associated to isolated Er*, being much weaker and
covering a wave number range of ~20 cm™! around the cor-
responding Xi (mainly on the low wave number side). Fig-
ures 4(a) and 4(b) portray those accompanying, within the
same 4I] sp— 4113,2 transition, the A2 and A1 lines peaking at
6505.15 and 6530.23 cm™!, respectively, while Figs. 5(a) and
5(b) show those related to the same kind of line, i.e., the A1,
peaking at 15 315.20 and 19 168.72 cm™! within two differ-
ent transitions, i.e., I;5,,— ‘Fo,, and *I,s,,— *H,,,,, respec-
tively. The association of the additional lines to a given Xi
line is not based only on the fact that they are close to it, but
is also supported by the same line strength behavior as a
function of temperature and light polarization, as shown in
Fig. 8 for the additional lines accompanying the A2 line
(*I,5,— *I,3, transition). In fact, a rotation of the polarized
light electric field £ by 90° causes a decrease both of the A2
and of the additional lines: compare curves a and b in Fig.
8(a), which are related to £ along the [001] direction and
orthogonal to it, respectively. Moreover, Fig. 8(b) shows a
peak amplitude increase both for the main A2 and for the
additional lines, by enhancing the temperature from 9 K
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(curve a) to 30 K (curve b). Such a behavior is expected for
transitions starting from an excited sublevel of the ground
manifold, whose population increases by increasing the tem-
perature [see Sec. IV A and Fig. 7(d)]. On the contrary, the
Al lines and the associated additional lines decrease, as ex-
pected for transitions that start from the lowest sublevel of
the ground manifold, whose population decreases by increas-
ing the temperature [see Sec. IV A and Fig. 7(a)]. Around
each main Xi line, a set of additional lines can be envisaged:
they are identified by «, labels. Sequences of up to ten «
lines were observed for the low energy lying transitions [see
Fig. 4(a)]. By increasing the transition energy, overlapping to
main Xi lines, line broadening and noise make more difficult
the task of distinguishing the single additional lines.

What is the origin of the additional lines? They must be
related to the presence of Er**, because they appear in all the
typical wave number ranges of Er** transitions. They cannot
be attributed to hyperfine splitting or isotopic effects, be-
cause these should cover a wave number range around a
given Xi line much smaller, as shown for example in
Er**-doped LiYF,."> They cannot be related to the Er** in-
teraction with unwanted impurity, as OH or other RE**. In
fact, the OH doping of the present samples was found below
the detection limit of our apparatus, which is quite sensitive
(see Sec. II). The RE3* ions, present as traces in the two
samples exhibiting the additional lines, were not the same,
i.e., Ho** and Tm3* were detected in the sample with F
=12% and Nd** in that with F=20%. As the additional
lines, for example the stronger ones indicated by arrows in
Figs. 4(b) and in Fig. 5(a), are peaking at the same wave
number in the two samples, they cannot be attributed to the
interaction of Er** with different RE**. A reasonable hypoth-
esis about their origin is that the additional lines are related
to an Er**-Er’* interaction. At a Fi. value as high as 20%,
every five Y>* sites, one is occupied by an Er**, thus more or
less loose Er* pairs (or clusters) may form, in the sense that
Er** substitutes Y>* in two (or more) near neighbor (n.n.) or
next near neighbor (n.n.n.) YFg polyhedra. Therefore the
crystal field experienced by an Er** ion in such loose clusters
is slightly different from that probed by an isolated Er** and
is finely tuned according to the number and position of Er**
in n.n. or n.n.n. YFg polyhedra. This might explain the pres-
ence of a rather large number (up to ten) of additional lines
accompanying a given main Xi line originated by an isolated
Er**. A given a, line should correspond to a given Er** pair
or cluster (a, center). The wave number covered by an entire
set of additional lines is of the order of ~20 cm™': this
means that the energy level tuning for Er’* embedded in
pairs or clusters spans over a fraction lower than 0.3%, even
for the lowest energy lying transition (i.e., the 4I1 5/2—>4113,2
in the 6500—6700 cm™! range). The position of the best re-
solved and identified additional lines associated to different
transitions are collected in Table VII. A given « line within
the set, e.g., the ay, could be associated to the Al lines
belonging to different transitions and, in the case of the
*I,5,— *I,3, transition, associated also to the A2, B1, and
C1 lines. In the following an « additional line, associated to
a given Xi line, is defined as a Xi-type line and its position in
the spectrum is indicated as vy;. In Table VII the energy level
scheme for a given a, center is compared to those of an
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TABLE VII. Line positions v,; of the Al-type additional lines
for different Er** centers indicated by a, for different transitions,
separation AE, | between the first excited (2) and the ground (1)
sublevels of the lowest manifold 4Il s> and AEp 4 and AE( 4 sepa-
rations between an excited (B or C) and the lowest sublevel (A) of
higher energy lying manifold. All the figures are given in cm™' and
obtained from spectra measured at 9 K. For comparison the data
related to isolated Er* in the BaY,Fg matrix, labeled as Er**(1)
center, and those related to Er’* in BaEr,Fg, labeled as Er3*(T) are
reported: the data are taken from Table I, seventh and second col-
umns, respectively.

Transition Center Va1 AE,, AEg, AEc,u
=15, @ 651592  19.64 57.61 7158
a, 6518 1978  57.63  73.11
as 6519.79  20.63 5584 71.32
ag 6522.19 2148 547 7172
g 6527.41 25 51.14 7544
ay 6527.6 272 4856 737
Er*(1) 653023 2501 5221  76.0
Er**(T) 6530 24 55 78
Msp—"Fop @ 15293.9 27.89
a, 15293.9 30.3
as 15297 29.4
ag 15301 28.6
g 15311.4 21.1
Ef*(1) 1531520 25.07 203 746
Er**(T) 15337 5 75
Tisn—"Hyp a3 19157
a, 19157.8
as 19159.3
ag 19160.8
Ef*(1) 1916872 25.09 31.89 6278
EF*(T) 19168 32 64

isolated Er** in BaY,Fg and of an Er** in BaEr,Fy, indicated
as Er**(1) and Er’*(T) centers, respectively. For such a pur-
pose, the following energy differences AE were evaluated:
AE; 1 =vp = vy, AEpa=vp—vay, and AEc,=ve =1y
As explained in Sec. IV A, AE, | = v, — vy, is the separation
between the first excited (2) and the ground (1) sublevel of
the lowest manifold *I;5,, AEg 4 and AE, are the separa-
tions between an excited (B or C) and the lowest sublevel
(A) of the excited manifold. Each « center is characterized
by a given set of AE: the values are rather close to each other
and to those exhibited by the Er**(1) and Er**(T) centers.
The result shows the fine tuning of the energy levels around
those of the isolated Er** in the BaY,Fg and of Er** com-
pletely surrounded by other Er-Fg polyhedra as in BaEr,Fg.
None of the AE sets for the « centers coincides with that of
BaEr,Fg: this rules out the possible phase separation of
BaEr,Fg as small precipitates inside BaY,Fg. Such a conclu-
sion is also supported by the x-ray diffraction measurements
performed on BaY,Fg:Er** 20 at. %, which excluded the
presence of any separated phase (see Sec. II). Therefore even
in the highest Er** concentration sample, Er’* should be
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found as an isolated ion, responsible for the main Xi lines,
and as embedded in more or less loose pairs or clusters,
monitored by the weak a, lines. This supports the high Er**
solubility in BaY,Fg crystals. As a rule, a fast quenching
from high temperature of a sample containing clusters (for
example, an alkali halide doped with divalent cations) suc-
ceeds in breaking them, with a consequent increase of the
simplest defect fraction.” Thus a thin sample of BaY,Fg:Er**
20 at. % was kept at 600 °C for 4 h and then quenched to
room temperature. The quenching does not reduce signifi-
cantly the additional lines, being unable to break the loose
Er’** clusters or pairs due to the high dopant concentration,
i.e., from a statistical point of view the average distance
among Er** ions does not change. This is at variance with
alkali halides and alkali-earth fluorides, where the clustering
process starts at much lower concentration of dopants,
which, being aliovalent impurities (e.g., Cd** in NaCl or
Gd** in CaF,), require charge compensation (see Sec. I).
Therefore the additional lines in BaY,Fg do not monitor
some kind of tightly bound Er** dimer (two Er** ions could
not fit in an eight F~ polyhedron), but rather an Er’*-Er**
interaction for relatively short separations of two (or more)
ErFg polyhedra in BaY,Fg. Another point in favor of these
assumptions lies in numerical calculations based on New-
man’s superposition model (Sec. IV C); one of the F~-F~
bonds in the ligand cage was supposed to change its length
due to the presence of Er’* in one of the neighbor or nearest-
neighbor polyhedra, and the resulting variations in the calcu-
lated spectra were evaluated as a function of this bond
length. Despite the roughness of this model, the general trend
reported in Table VII is reproduced, in that the correct order
of magnitude for the energy shift from each line, associated
to an Er’*(1) center, is found if a reasonable distortion
(<5%) is accounted for. In this framework, several addi-
tional lines may arise due to the fact that each Er** ion in-
volved can occupy different off-center positions (Sec. IV C).
On this basis, the concentration induced effects can be re-
garded as due to crystal field modification induced on the
surroundings of a given Er’* ion, assumed as a probe, by
other Er** ions more or less close to it.

Other much weaker lines were detected in Er**-doped
BaY,Fg samples with FaEtr:O.S%, 2%, and 12%, respectively.
Such lines cannot be attributed, as the a-lines, to Er’*-Er’*
interaction because they are absent in the sample with the
highest Fy. (i.e., 20%). On the other hand, as they occur in
the typical range of Er’* transitions, they should be tenta-
tively attributed to Er** perturbed by some unwanted impu-
rity, most likely O~ since the presence of OH~ was excluded
due to the lack of its vibrational absorption features (see Sec.
I) and oxygen contamination in fluorides can hardly be
avoided completely.**** However, this remains a hypothesis
which we plan to verify in the future, by studying
BaY,Fg:Er’* samples in which the presence of O?~ impuri-
ties is intentionally favored.

V. CONCLUSIONS

The complex high resolution absorption spectra of
BaY,Fy single crystals doped with various amounts of Er**,
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measured over a wide wave number (500—24 000 cm™') and
temperature (9-300 K) ranges, have been analyzed in detail,
also taking advantage of theoretical calculations and radia-
tive lifetime measurements. The results provide a thorough
description and a deep insight on the spectroscopic charac-
teristics induced by isolated and interacting Er** ions in a
system that is relevant for laser applications. The main con-
clusions can be summarized as follows.

(1) The isolated Er’* transitions from the fundamental
:IIS/Z to the excited 4113/2’.4111/2’ 4I9/.2’ 4F_ o ‘Sypn “Hip,

F;, "Fs;, and “F;, manifolds are identified. The crystal
field induced splitting is evaluated with high accuracy for all
manifolds (e.g., the separation between the two first sublev-
els of the ground manifold is estimated as 25.01+0.08 cm™!
against the 26+0.5 cm™! value quoted in the literature). The
complete energy scheme is supplied, providing the correct
absorption line attribution.

(2) The experimentally determined energy levels are suc-
cessfully fitted with a single-ion model and the crystal field
parameters are obtained. The parameter analysis by means of
Newman’s superposition model suggests a distortion of the
F~ polyhedron around Er** ions and a possible off-center
position of the dopant ions with respect to the original Y3*
position.

(3) The Judd-Ofelt parameters are evaluated with good
accuracy by applying the TPM procedure and compared to
those quoted in the literature for similar systems as
BaYb,F:Er** and BaFEr,Fy. The correction due to the mag-
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netic dipole contribution for the *I,5,—I,;, transition is
calculated. From the J-O parameters the radiative lifetimes
are estimated for a few manifolds (‘I 5, *I; 1/, “Iojps “Fopo»
*S,,5» and “H, ) and compared with the experimental values
obtained in the present work and/or quoted in the literature
for different Er’* concentrations. The overall agreement is
quite satisfactory.

(4) The inhomogeneous broadening of the lines (as nar-
row as 0.13 cm™" in samples with F§,=0.5%) and the oscil-
lator strength enhancement, induced by increasing the Er**
concentration, demonstrates how the crystal field transitions
of the isolated Er’* are sensitive probes of the disorder
caused by a random distribution of other Er** ions.

(5) The weak additional lines appearing in samples with
the highest Er’* concentrations (i.e., 12% and 20%) prove
the presence of more or less loose Er** clusters. For some of
them an energy level scheme is provided that coincides nei-
ther with that of isolated Er** nor of BaFEr,F.
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