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Abstract

We present new high-resolution absorption data for the important sesquioxide laser material Yb:Lu,O; for the spectral
range of 880-1020 nm, at various temperatures between 8 and 300 K, and for the zero-phonon region from 960 to 990 nm,
at temperatures from 8 to 300 K. We have experimentally observed the Cs; (0,1)—(1,3) transition for the first time, located at
880.7 nm at 8 K. Based on high confidence fitting functions to the experimental data, we provide the first complete compila-
tion of all observed electronic and electronic—vibrational transitions. Detailed fitting and plots of the C, and Cs; zero-line data
show an evolution of the linewidth from being predominantly electronic below about 100 K to being dominated by thermal
processes above 100 K. We have also found evidence for a “soft” phase transition between 80 and 100 K that changes the

local coordination environment.

1 Introduction and background

Lutetia is one of three well-known isomorphic sesquiox-
ide host crystals, Lu,0;, Y,05, and Sc,05, whose develop-
ment has been recently driven by the Petermann and Huber
groups at The University of Hamburg in Germany [1-3].
These crystals were developed as possible alternatives, with
more favorable physical properties, to the well-developed
legacy oxide host YAG (Y3;Al;0,,). A number of experi-
mental laser demonstrations have appeared in the literature,
mostly exploring the usage of Yb:Lu,Oj; as single crystals or
transparent ceramics for CW and mode-locked lasers [4—12].
The high thermal stability, cubic structure, easy doping, and
most importantly, the high thermal conductivity of the doped
crystals make it an ideal material for extremely high-power
solid-state cryolasers. A particular advantage of Lu,0O; over
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the other sesquioxide hosts Y,05 and Sc,0j is its retention
of high thermal conductivity upon doping with Yb>*, given
the similarity in mass between Lu** and Yb** [5, 13]. To
accelerate the design and development lutetia-based devices
leveraging these advantages, a detailed understanding of the
spectroscopy of the Yb>* ions in this relatively novel lattice
is essential. The results of previous collaborations by mem-
bers of our group have appeared in a number of publications
that focused primarily on Yb:Lu,05 [14-16]. In [15] in par-
ticular, we presented Yb:Lu,0O; absorption measurements
obtained at 80, 150, 200, 250, and 298 K. While we were
able to successfully show the presence of the Cj; site in the
short wavelength shoulder of the main C, zero-phonon line
at 976.21 nm, that became more pronounced as tempera-
ture was lowered, our data were noisy and we were unable
to fully resolve the zero-phonon linewidth, or to lower the
temperature any further. To further explore the variation of
the overall spectral absorption, and particularly the evolution
of the Cs; and C, absorption features near the zero-phonon
line, in this paper, we report the results of our collaboration
with researchers at the US Army Research Laboratory whom
were successful in obtaining very detailed high-resolution
absorption data at a large number of temperatures from 8
to 300 K.
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2 Lu,0; crystal properties

For convenience, the crystalline properties of Lu,0; are
shown in Table 1 [1, 4, 17]. Lu,0Oj5 is an optically isotropic
host that provides a strong, robust, easily doped host for
trivalent rare-earth ions, which substitute into body-cen-
tered Lu sites. Unlike YAG, however, which has one sub-
stitutable rare-earth site, Lu,05 has two six-coordinated
lutetium sites, with local point group symmetries of C,
and Cs;. The former site has no inversion center, while the
latter has a center of inversion. According to the LaPorte
selection rule, electric dipole transitions are allowed in the
C, site, while for the Cj; site, such transitions are forbid-
den. Indeed, this conclusion is found to be largely obeyed
experimentally, where C, radiative sites predominate,
while the Cj; transitions are much weaker. In this paper,

however, we show for the first time a systematic substan-
tial variation in the strength of both the C, and Cj; site
absorption as temperature is varied between 8 and 300 K,
indicating that the local transition probability or oscilla-
tor strength of both sites change with temperature, likely
due to changes in the local crystal field induced by slowly
varying changes in the lattice parameter.

The Lu,0Oj; unit cell has been found to contain 32 cations,
with 24 in the C, sites and 8 in the Cj; sites. In Table 1, we
also provide nearest Lu—Lu inter-ion distances and Lu-O
distances for both the C, and Cj; sites, as these are signifi-
cant in the detailed spectral interpretation below. Figure 1
shows a structural rendering of the adjoining Cj; (left) and
C, (right) Lu sites, with the site on the left having inversion
symmetry, while the site on the right does not. In Fig. 2,
the simple generic energy level structure of the Yb>* ion in
a crystalline host is shown; the *F;,, ground-state consists

Table 1 Lu,Oj; crystalline

properties at 298 K

Property Value
Chemical formula Lu,04
Mineralogical structure type Bixbyite
Scientific name Lutetia
Transparency band gap (eV) 5.8
Formula Mass(g) 397.94
Density (g/cm?) 9.42

Crystal classification
Optical class

Body-centered cubic
Anaxial (isotropic)

Space group a3

Unit cell parameter (A) 10.3971
Unit cell volume (A?) 1123.9233
Number of unique cation sites (C, and Cs;) 2

Metal ion site 1 point group symmetry C,
Metal ion site 2 point group symmetry Cs;
C, emission properties: (non-centrosymmetric)

C;; emission properties: (centrosymmetric)

Non-centrosymmetric
Centrosymmetric
LaPorte rule allowed
La Porte rule forbidden
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Coordination ion (6]
Coordination number 6
Number of formula units per unit cell 16
Number of Lu ions/unit cell 32
Number of O ions/unit cell 48
Total number of ions/unit cell 80
Number of Lu sites/unit cell with C, symmetry 24
Number of Lu sites/unit cell with C; symmetry 8
Ratio of number of C, to Cj; sites 3
Inter-ion distance from 8 Lu Cj; sites to 6 O sites A) 2.247
First inter-ion distance from 24 Lu C, sites to 2 O Sites (A) 2.183
Second inter-ion distance from 24 Lu C, sites to 2 O Sites (A) 2.239
Third inter-ion distance from 24 Lu C, sites to 2 O Sites (10\) 2.282
Lu C;; to Lu C5; inter-ion distance A) 5.195
Lu C, to Lu C, inter-ion distance (A) 3.460
Lu Cj5; to Lu C, inter-ion distance A) 3.433
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Fig. 1 Adjoining C5; (left) and C, (right) sites, showing Lu ions with
sixfold O coordination

Yb:Host Energy Levels and Assignments
— (13)
- (1,2)
Tre—— (12)

Fs2 (1)

— (0a)

ZF7/2 (0) (0'3)

. (0,2)
——  (0,2)

Fig.2 Yb**:Host energy level manifolds

of four discrete Kramers doublet energy levels, while the
’F,, excited-state consists of three Kramers doublet discrete
levels. Also shown is the labeling of each level used in this

paper.

3 Crystal growth and polishing

Crystal growth from hydrothermal solution took place in
closed, pure silver reaction tubes containing the powdered
feedstock along with aqueous mineralizer to dissolve and
transport the material during the growth cycle. In the case of
Yb:Lu,O; discussed here, rare-earth oxide powders (HEFA
Rare Earth, 99.997%) of Lu,0; and Yb,0; were measured
in the desired doping ratio (3%) such that the total pow-
dered material was approximately 1.5 g and added directly
to ¥4” OD X 7” long silver tubes that had been carefully
cleaned, weld-sealed, and inspected for integrity. The pow-
dered feedstock, along with 3 mL of a 20 M aqueous KOH

Fig.3 Hydrothermally grown Yb:Lu,O; crystal used in the present
study

solution, was added before the tubes were welded closed.
These loaded tubes were themselves inserted into Inconel
autoclaves equipped with two external, individually con-
trolled ceramic band heaters with temperature probes and
pressure gauge assemblies to monitor temperatures and
pressure throughout the entire growth process. Water added
inside the autoclaves provides the counter pressure neces-
sary to prevent bursting of reaction tubes when heated. The
fully loaded and prepared autoclaves were then lowered into
insulating pits and covered up to the pressure gauge in ver-
miculite. A temperature gradient was established with the
band heaters of 670 °C for the top, growth zone, and 700 °C
in the lower, dissolution zone, for this prograde solubility
system. These temperatures typically resulted in pressures
of around 207 MPa (30,000 psi). The autoclaves were left
undisturbed in these insulated pits during the entire growth
run of between 12 and 14 days. After this time, the heat
was discontinued and autoclaves were left to cool naturally
over several hours or quick-quenched by an air stream. The
cooled reaction tubes were then carefully cut open to reveal
various-sized single crystals of up to several mm on a side.
While the temperature used in the present study represents
a seemingly modest increase over our previous work [16],
we observe improved faceting and a greater amount of opti-
cally clear regions in the as-grown crystals, compared to
those grown at 630-650 °C. We postulate that moving the
growth conditions farther away from the Lu,05;/LuO(OH)
phase transition around 600 °C may be the source of such
positive effects.

Crystals determined to be of sufficient optical quality for
spectral analysis were further prepared, if necessary, by pol-
ishing. Progressive lapidary discs were used starting with
1200 grit and ending with 100,000 mesh diamond spray. The
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crystal used in the present study was fabricated to dimen-
sions of approximately 4 X4 X 0.39 mm, as shown in Fig. 3.

4 Absorption spectrophotometer
and cryostat description

We performed very high-resolution absorption measure-
ments using a Varian Cary 6000i UV-VIS-NIR absorption
spectrophotometer that incorporated a CTI Cryodyne cryo-
genic refrigerator that included a heater, that was used to
vary the absolute temperature between 8 and 300 K. The
spectral resolution desired was set by computer control of
the slit widths. For the Yb:Lu,0O; absorption data reported
here, the spectral resolution was set to 0.15 nm for the broad
scans, and to 0.05 nm for the narrow zero-line scans. The
refrigerator contained two CaF, windows for the purpose of
passing the absorbing beam through the cooled sample under
high vacuum conditions to avoid water vapor condensation.

5 Yb:Lu,0; experimental absorption data

In this paper, we present what we believe to be the first
comprehensive set of high-resolution absorption data for
Yb:Lu,0; spanning the temperature range from 8 to 300 K.
A thin hydrothermally grown 390 um thick Yb:Lu,0,
single-crystal was prepared by careful polishing to avoid
saturation of the zero-phonon line near 976 nm at low tem-
peratures where the line intensities are substantially larger
than at room temperature. The calculated crystal Yb** ion
density was 3.0 at-%. In Sect. 5.1, we show obtained data
in the wavelength interval from 880 to 1020 nm. The data
were obtained with a spectral resolution of 0.15 nm, and a

Fig.4 Yb:Lu,O; absorption 12 -
coefficient as a function of
wavelength from 8§ to 100 K

[
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sampling interval of 0.05 nm. In Sect. 5.2, we show detailed
zero-line data around 976 nm, obtained with a spectral reso-
lution of 0.05 nm and a sampling interval of 0.02 nm. All
data reported in this paper are for wavelengths in air, and
have not been converted to vacuum wavelengths.

5.1 Overview and discussion of absorption data
from 880 to 1020 nm

Figures 4 and 5 plot the absorption coefficient as a function
of wavelength for the absolute temperatures of 8, 30, 50, 75,
100, 150, 200, 250, and 300 K. Using the absorbance from
the spectrophotometer, and correcting for the two Fresnel
reflections of the Yb:Lu,Oj; crystal using the Sellmeier equa-
tion of [18], and the four Fresnel reflections of the CaF,
windows using the Sellmeier equation of [19], and the sam-
ple thickness, we obtained absorption coefficients for each
temperature.

Transitions observed in the region from about
890-980 nm are attributable to three well-known tran-
sitions from the ground-state *F,,, manifold to the sole
excited-state “Fs;, manifold near 905 nm, 945 nm, and
975 nm [the (0,0) electronic zero-line]. Those transitions
occur in Yb:Lu,0; near 905 nm, 949 nm, and 976 nm as
may be observed in Figs. 3,4,5,6,7,8,9,10and 11. A
multitude of smaller peaks can be seen on the Stokes side
of the 949 nm transition, and are likely electronic—vibra-
tional in nature, with more than one vibrational mode
contributing to the observed spectra. The sharp peak at
949.2 nm is the first (0, 1) vibrational zero-phonon line.
Assuming that a number of vibrational modes contrib-
ute to the observed progressions, the peak at 949.2 nm is
then viewed as the first zero (0-1) vibrational line with a
phonon wing, followed by a number of additional (0-2),

880 900

@ Springer

—8K —30K 50K

920 940 960 980 1000 1020

Wavelength (nm)
75K —100K



Yb:Lu,0; hydrothermally grown single-crystal high-resolution absorption spectra...

Page50f24 62

Fig.5 Yb:Lu,O; absorption 16 -
coefficient as a function of
wavelength from 100 to 300 K 14 A
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and perhaps (0-3) vibrational zero-lines and their phonon
wings since the pure electronic zero-phonon line is com-
mon to all modes [20].

It is noteworthy that vibrational—electronic transitions are
also observed on the anti-Stokes side of the 905 nm transi-
tion, albeit with much smaller amplitudes than those asso-
ciated with the 949 nm transition. It is possible that those
transitions are in fact an extension of the Stokes electronic-
vibrational progressions associated with the 949 nm line. In
addition, two weak broad (diffuse) transitions are observed
at about 957.0 nm and 964.3 nm that have an unknown
origin. Their proximity to the (0, 0) zero-phonon-line near
976 nm, however, suggests that a weak coupling between
the zero-phonon electronic transition and an unknown vibra-
tional mode may be occurring.

920

940 960 980 1000 1020
Wavelength (nm)

A number of interesting features can be observed as
temperature is varied. The 905 nm transition is most well
resolved at lower temperatures, and gradually (particularly
above about 150 K) transitions to a more smoothed profile
as temperature increases to 300 K. The center wavelength
is nearly constant as the temperature increases, but above
about 150 K the amplitude is diminished and the FWHM
bandwidth increases substantially. For the 945 nm transition,
the lines are best resolved at low temperatures, with all peaks
having a near constant value up to about 100 K. At higher
temperatures, the main peak as well as the secondary peaks
diminish as temperature continues to rise. In addition, as
with the 905 nm transition, all peaks display smoothing, an
increase in FWHM bandwidth, and a substantial reduction
in amplitude as temperature rises to 300 K.
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Fig.7 Variation in center wave- 990 -
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The zero-line at about 976 nm displays the most inter-
esting behavior. There are two distinct lines in the region
that can be observed from 8 K all the way up to 300 K. The
smaller line has been previously identified as the C5; zero-
phonon line [1]. That substantial intensity is observed is
due to LaPorte’s rule not being completely satisfied for the
Cj; site (i.e. it does not identically have complete inversion
symmetry). The obtained data show conclusively that the
C;; and the C, lines remain adjacent throughout the entire
temperature range, and that at about 75 K appear to begin
merging, a process that continues to 300 K. The merging,
however, appears to be due to the increased linewidth of
the C, transition, as well as to the increased amplitude.
The C, transition displays an amplitude that is nearly con-
stant up to about 75 K; thereafter, the amplitude rapidly

@ Springer

Temperature (°K)

increases until 150 K, and then continuously decreases up
to 300 K. We observed this behavior previously [15], but
the higher resolution data presented here allow a much
more detailed look at the evolution of both the C;; and
C, sites as temperature is varied over a wide range. Up to
liquid nitrogen temperature near 77 K, the C;; and C, sites
can be assumed to be mostly independent of one another,
and cross-sections can be assigned to each since the Cs;
contains % of all Yb ions, and the C, site %. At room tem-
perature, however, the merging of the absorption transi-
tions of both sites means that both contribute to the total
absorption and a means of assigning the contribution of
each can produce good fitting functions to the observed
profiles.
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Fig.9 Identification of Cs; (0, 2 1

1)—(1, 3) transition at 880.7 nm
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Fig. 10 All fitting functions 1.4 -
identified to reproduce experi-
mental Yb:Lu,O; absorption
coefficient data from 895 to
926 nm at 8 K with high con-
fidence
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5.2 Variation of center wavelength and amplitudes
with temperature

In Fig. 6, we identify nine lines in the 880-980 nm region
that we chose to examine to determine the variation in the
center wavelength and amplitude with temperature. The
nine lines include the three *F;,,—*Fs,, electronic absorp-
tion transitions (1, 7, 9), the major electronic-vibronic
transitions (2, 3, 4, 5, 6), both associated with the C, site,
and the Cj; zero-phonon transition (8). Table 2 shows
the measured values for the center wavelength for nine
temperatures for each of the lines. Also shown are the

Lorentz 19
Total Fit

Wavelength (nm)

average value, the standard deviation, and the percent vari-
ation over the temperature interval. Note that for lines 4,
5, 6, and 8, wavelength values could not be determined
beyond that temperature at which the line became difficult
to measure because the amplitude had merged with the
growing background. Figure 7 is a plot of the variation of
the center wavelength with temperature, and used the data
of Table 2. The standard deviations and percent change
over the temperature intervals are seen to be very small for
all nine lines. The Cs; zero-phonon line (8) has no varia-
tion with temperature at all, and the C, zero-phonon line
has a very small change. Line 1 displays a relatively large
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Fig. 11 Yb:Lu,O; vibrational
transitions identified in the
895-926 nm spectral region

Table 2 Variation of center
wavelength with temperature for
nine major peaks

Table 3 Variation of absorption
coefficient with temperature for
the nine major peaks
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895 900 905 910 915 920 925 Loventz 16
Wavelength (nm)
Peak 1 2 3 4 5 6 7 8 9
T (K)
8 903.80  928.55 936.30  944.25 945.60  947.40 94920 97440  975.60
30 903.75  928.55 936.30  944.25 945.60  947.40 94920 97440  975.60
50 903.75  928.55 936.30  944.25 945.60 94770 94920 97440  975.60
75 903.75 928.60  936.25 94430 94555 94740  949.20 97440  975.60
100 903.70  928.60  936.35 94430  945.65  947.45 949.20  974.40  975.60
150 903.40 92870  934.80  944.40  945.75 = 947.65 949.20 97440  975.70
200 903.15 928.80  934.80 945.80 949.20 97440  975.75
250 902.85 929.05  934.65 949.20 975.80
300 902.80  929.10  934.65 949.05 975.95
Avg 90344  928.72 93560 94429  945.65 94750  949.18 97440  975.69
SD 0.41 0.22 0.83 0.06 0.09 0.14 0.05 0.00 0.12
% 0.05 0.02 0.00 0.01 0.01 0.02 0.01 0.00 0.01
Peak 1 2 3 4 5 6 7 8 9
T (K)
8 1.337 0.637 0.417 0.792 1.168 1.538 7.728 0.935 6.492
30 1.330 0.629 0.414 0.788 1.162 1.531 7.856 0.932 6.540
50 1.312 0.615 0.404 0.776 1.143 1.508 8.092 0.934 6.662
75 1.277 0.587 0.392 0.757 1.083 1.447 8.103 0.968 8.108
100 1.217 0.536 0.374 0.730 1.039 1.351 6.998 1.178 10.972
150 1.151 0.498 0.765 0.750 0.961 1.215 3.676 1.704 14.037
200 0.963 0.407 0.605 0.832 2.007 1.861 8.070
250 0.760 0.331 0.465 1.246 4.473
300 0.656 0.346 0.436 0.935 2.942
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change in wavelength with temperature, and the vibra-
tional line 3 the largest change.

Table 3 shows the variation of the absorption coefficient
with temperature for all nine lines; the data are all plotted in
Fig. 8. The most pronounced variation was found for the C,
zero-phonon line (9), that began to increase at about 50 K,
peaks at about 150 K, and then continuously decreases to
300 K. The C;; zero-phonon line (8) also increased with
temperature starting at about 75 K, and then increased up
until 200 K. A large variation is also seen in line 7, the zero-
phonon vibrational line, which increases up to about 75 K,
and then continuously decays as the temperature increases.
The remaining lines (1-6) display minor changes with tem-
perature, with all decreasing above about 150 K. In general,
lines 2—6 are associated with vibrational bands with ampli-
tudes that decrease with temperature above about 50-75 K.
The C, and C5; zero-phonon lines, however, undergo changes
that seem to be primarily thermally driven above about
150-200 K. From the lowest temperatures to 150-200 K,
however, the amplitudes grow significantly, indicating that
important changes (distortions) in the local crystalline field
are taking place. In Sect. 5.6 of this paper, we present more
detained data for the zero-phonon lines at 15 temperatures,
and further examine this point.

5.3 Determination of Yb:Lu,0; energy levels
and comparison to previously obtained results

In Table 4, we show the energies of the four (0, 1), (0, 2), (0,
3), and (0, 4) 2F7/2 levels in the ground-state manifold and
the three (1, 1), (1, 2), and (1, 3) levels in the 2F5/2 excited-
state manifold, obtained from a number of prior publications
at the temperatures shown. All values have units of (cm™).
Rows 1 and 2 show the results reported in the Dissertation of
Peters [2] for both the C, and Cj; sites, but at unknown tem-
peratures (U). The most recent tabulation of values, found
in the paper by Guyot et al.[21], are shown in rows 3—4 for
the C, and Cj; sites, respectively, at 10 K. We also show in
rows 5 and 6 values for the (1, 1) level in both the C, and

Cj; sites, as reported by Petermann at 10 K [3]. Finally, we
show values for the (1, 1), (1, 2), and (1, 3) C, and C5; levels
in rows 7 and 8 as determined by the authors of the present
paper at 8 K. The energy levels quoted by Guyot et al. [21]
align very closely to our values, and in rows 9 and 10, we
show the differences between our values and those of [21]
for C, (AC,) and C5; (ACy;), respectively. The energies agree
particularly well for the C, site, although the C;; energy lev-
els are close as well. The maximum disagreement for the (1,
3) levels amounts to only 0.15%.

The values we determined for the zero-phonon line C,
and Cy; sites of 10,250.10 and 10,262.73 cm™" were obtained
from the data of Table 2 at 8 K. By comparison of our
absorption data with that of [21], we expected to find a low-
intensity line at 882.07 nm. Close examination of the base-
line data of Fig. 3 yielded the peak shown in Fig. 9 at 8 K,
which we determined to be located at 880.70 nm. To meas-
ure the (1, 2) energy for the C, site at 8 K, we use the value
shown in Table 2 of 949.2 nm, (10,535.19 cm_l). To iden-
tify the C;; energy for the (1, 2) level, we used a complete
fit of all the electronic and phonon transitions in the range
of 925-955 nm discussed in Sect. 5.4 of this paper. Again,
using the previously published value of [21], we expected
to see a transition at about 942.06 nm; examination of the
fits shown later in Fig. 12 revealed a low-intensity transition
at 941.4 nm, or 10,622.48 cm™". It should be noted that the
location of the (1, 3) line is not exactly at 903.80 nm; the real
location is 903.907 nm, since it should likely have a Gauss-
ian linewidth as do the other C, (1, 1) and (1, 2) transitions.

5.4 Detailed fitting of All Yb:Lu,O; transitions
outside zero-phonon line region at 8 K

5.4.1 Fitting functions and peak identification for Yb:Lu,0,
825-926 nm region

We performed extensive interactive fits of all the peaks
identified in the 825-956 nm spectral region that con-
tains the C, (0, 1)—(1, 3) electronic transition as well as

Table 4 Energy levels of

YbiLu0, T (K) o, 1 (©,2 (©3 ©O4 (€1 (1,2) (1, 3) References
U C, 0 427 514 903 10,244 10,666 11,073 [2]
U Cy 0 112 333 1157 10,257 10,377 11,319 [2]
477 C, 0 301 563 988 10,251 10,537 11,071 [21]
477 Cy 0 299 859 1193 10,264 10,615 11,337 [21]
10 C, 0 10,235 [3]
10 Cy 0 10,248 [3]
8 C, 0 10,250.10  10,535.19  11,063.09  [Here]
8 Cy 0 10,262.73  10,622.48  11,354.60  [Here]
AC, 0.90 1.81 - 791
ACy; 1.27 —7.48 - 17.60
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Fig. 12 All fitting functions 8
identified to reproduce experi-
mental Yb:Lu,O5 absorption

coefficient data from 925 to 7 1
954 nm at 8 K with high con-
fidence

6 -

Absorption Coefficient (1/cm)
-

925 930 935

a multitude of electronic-vibrational transitions. Most of
our fits were generated using Fityk, which enables users to
specify any number of standard fitting functions including
Gaussian, Lorentzian, Voight, Pearson, and many others.
In the work described here, for simplicity we restricted
ourselves to standard Gaussian and Lorentzian functions
only, and found that more than adequate results could be
obtained with excellent chi-squared fitting values.

Figure 10 shows the obtained results: plots of the exper-
imental data, each transition used to fit the total curve,
and the resulting total fit which is nearly indistinguishable
from the starting absorption coefficient data. The y* value
obtained for this set of functions was 99.986%. The best
overall fit was found to contain one Gaussian and 19 Lor-
entzian functions. It should be pointed out, however, that
while the fit shown here is very good, there is no guaran-
tee of uniqueness and many other fits may exist that give
similar results. Our purpose here is thus to provide one set
of functions that fit the experimental data very well, that
other researchers may use as a guide in developing a more
rigorous approach. In Table 5, we show the transition num-
ber, the fitting function type and number, the center wave-
length, peak absorption coefficient, FWHM bandwidth,
and the center wavenumber for each fitting transition used,
and have added the Cs; transition at 880.677 nm (transi-
tion number 1) as well, that was found to be best fitted as a
Gaussian with the parameters shown. Transition number 4
corresponds, we believe, to the C, (0, 1)—(1, 3) transition.

If we remove the total absorption coefficient, the
fit to the absorption coefficient, and the C, transition,
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the remaining transitions are shown in Fig. 11, and are
believed to be primarily electronic-vibrational in origin.

5.4.2 Fitting functions and peak identification for Yb:Lu,0,
925-954 nm region

We performed the same type of fitting analysis of the
925-954 nm region (Fig. 12). Table 6 shows the various
Lorentzian and Gaussian functions used and their parameters
The 4 value obtained for this set of functions was 99.950%.
A total of 30 Lorentzian functions and a single Gaussian
function were used. After removing the electronic functions,
the results shown in Fig. 13 are obtained: all transitions are
believed to be electronic—vibrational in nature.

5.5 Yb:Lu,0; electronic-vibrational transitions

It has been noted in the literature [22] that Yb-doped laser
materials display strong electron—phonon coupling, as do a
number of other ions at the beginning and end of the lantha-
nide series. A decrease in the shielding of the 4f electrons
by 5 s and 5p is considered to be the main factor for the large
electron—phonon coupling for Yb**. It has also been pointed
out that Stark splittings of rare-earth ions in crystals are on
the order of typical lattice optical phonon, so that in addition
to normal electron—phonon coupling, near-resonance pro-
cesses may appear and couple the vibronic state associated
with one electronic level to those of another.

Here, we see that for Yb:Lu,O;, the vibrational struc-
ture is rich and dense. Through detailed modeling with
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Table5 Yb:Lu,Oj; electronic

; . e Transition  Fitting function type Center wave-  Absorption coef- FWHM band- Center
and vibrational transitions from number length (nm) ficient (1/cm) width (nm) wavenumber
880 to 926 nm (cm™)
1 Gaussian 1 880.677 0.022 1.263 11,354.901
2 Lorentzian 1 895.770 0.032 3.640 11,163.580
3 Lorentzian 2 898.424 0.040 1.440 11,130.602
4 Lorentzian 3 902.830 1.000 2.980 11,076.282
5 Gaussian 2 903.907 0.508 1.086 11,063.085
6 Lorentzian 4 905.215 0.360 1.244 11,047.099
7 Lorentzian 5 906.509 0.288 2.094 11,031.330
8 Lorentzian 6 907.902 0.091 1.418 11,014.405
9 Lorentzian 7 909.434 0.055 1.840 10,995.850
10 Lorentzian 8 912.382 0.162 3.368 10,960.321
11 Lorentzian 9 913.802 0.057 0.662 10,943.290
12 Lorentzian 10 915.092 0.105 1.702 10,927.863
13 Lorentzian 11 916.115 0.063 1.328 10,915.660
14 Lorentzian 12 917.301 0.096 2.290 10,901.547
15 Lorentzian 13 918.810 0.058 0.874 10,883.643
16 Lorentzian 14 919.885 0.119 1.492 10,870.924
17 Lorentzian 15 920.460 0.017 0.414 10,864.133
18 Lorentzian 16 921.589 0.099 1.908 10,850.824
19 Lorentzian 17 922.094 0.033 0.416 10,844.881
20 Lorentzian 18 923.499 0.067 1.120 10,828.382

fitting software, we identified the many (46) vibrational
lines in the Yb:Lu,0; absorption spectral region from
880 to 954 nm at 8 K by subtracting out the known C,
and C;; electronic transitions. A detailed analysis of the
observed vibrational lines using the formulation of [22]
could likely yield insights into the observed vibrational
structure, but such an analysis is beyond the scope of this
paper. There are, however, a number of interesting fea-
tures that we will point out here. First, the vibrational lines
are all (with the exception of the two small diffuse bands
observed) observed to occur between the (0, 1)-(1, 2)
and (1, 3) electronic transitions at 949.19 and 902.83 nm,
with the largest number of transitions found closer to the
949.19 nm line. The vibrational lines are Stokes shifted
from the 949.19 nm line, and anti-Stokes with respect
to the 902.83 nm line. Because anti-Stokes lines are less
probable than Stokes lines, it is possible that most of the
observed vibrational lines originate from the coupling of
multiple vibrational modes to the (0, 1)—(1, 2) electronic
transition. In addition, multiple vibrational modes can pro-
duce additional modes with energies at multiples of the
fundamental vibrational frequencies. Compilations of the
Raman-determined modes, including those at most funda-
mental modes have been tabulated in [23, 24] for Lu,0;,
and span the wavenumber range from 65 to 612 cm™!. The
line at 949.189 nm is very likely the first vibrational (0,1)
zero-phonon line, and the peaks identified as lines 4, 5,

and 6 in Fig. 6 are likely part of the phonon tail; lines
2 and 3 may be additional vibrational zero-phonon lines
(0, 2) and (0, 3), also with accompanying phonon tails.
The wavenumber difference between the 949.19 nm and
902.83 nm transitions is about 541 cm™', or close to an
Fg vibration at 499 cm™~', and twice a known vibration at
264 cm™.

To help identify the origin of the vibrational modes,
Table 7 lists all the identified vibrational modes in the
spectral region between 880 and 949.189 nm, the associ-
ated wavelengths and wavenumbers, the vibrational offset
between the vibrational mode and the zero-vibrational
mode at 949.190 nm, and the known Raman-determined
vibrational modes for Lu,05. Several of the offsets are
very close to known vibrational modes. Without detailed
modeling of the coupled electronic and vibrational states,
however, we cannot be certain whether the near agreement
between the offsets and known vibrational modes is simply
fortuitous or has a deeper foundation.

Finally, it is notable there are no significant vibra-
tional modes associated with the zero-phonon line at
975.584 nm, although as we shall discuss in Sect. 5.6 of
this paper, the zero-line at low temperatures can be fit to
show the existence of three separate lines, one Gaussian
believed to be the electronic transition, and two additional
Lorentzian lines whose origin we discuss.
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Table 6 Yb:Lu,Oj; electronic

. . e Transition  Fitting function type Center wave-  Absorption coef- FWHM band- Center
and vibrational transitions from

number length (nm) ficient (1/cm) width (nm) wavenumber
925 to 954 nm (cm™!)
21 Lorentzian 19 926.096 0.091 2.254 10,798.017
22 Lorentzian 20 926.938 0.055 0.940 10,788.208
23 Lorentzian 21 925.809 0.070 2.118 10,801.364
24 Lorentzian 22 928.568 0.499 0.700 10,769.271
25 Lorentzian 23 930.075 0.297 1.842 10,751.821
26 Lorentzian 24 930.636 0.033 0.452 10,745.340
27 Lorentzian 25 931.551 0.121 0.758 10,734.785
28 Lorentzian 26 933.500 0.204 1.298 10,712.373
29 Lorentzian 27 934.760 0.817 1.200 10,697.933
30 Lorentzian 28 935.567 0.157 0.932 10,688.705
31 Lorentzian 29 936.429 0.142 0.900 10,678.866
32 Lorentzian 30 937.207 0.127 0.980 10,670.001
33 Lorentzian 31 937.923 0.264 0.556 10,661.856
34 Lorentzian 32 938.804 0.282 0.688 10,651.851
35 Lorentzian 33 940.000 0.369 2.334 10,638.298
36 Lorentzian 34 941.375 0.159 0.850 10,622.759
37 Lorentzian 35 941.942 0.115 0.526 10,616.365
38 Lorentzian 36 943.036 0.410 0.578 10,604.049
39 Lorentzian 37 943.429 0.339 0.974 10,599.632
40 Lorentzian 38 944.218 0.472 0.986 10,590.775
41 Lorentzian 39 944.784 0.158 0.464 10,584.430
42 Lorentzian 40 945.141 0.249 0.572 10,580.432
43 Lorentzian 41 945.605 0.791 0.692 10,575.240
44 Lorentzian 42 946.208 0.395 0.666 10,568.501
45 Lorentzian 43 946.681 0.378 0.558 10,563.220
46 Lorentzian 44 947.378 1.050 0.572 10,555.449
47 Lorentzian 45 947.829 0.645 0.812 10,550.426
48 Lorentzian 46 948.647 0.816 0.538 10,541.329
49 Lorentzian 47 948.930 0.831 0.290 10,538.185
50 Gaussian 3 949.189 6.868 0.250 10,535.310
51 Lorentzian 48 949.405 1.279 0.218 10,532.913
Fig. 13 Vibrational transitions
identified from 925 to 954 nm 1.4 1 Lorentz 20
Lorentz 21
—~ 1.2 A
g Lorentz 22
:"‘: 1 Lorentz 23
E Lorentz 24
% 0.8 Lorentz 25
8 Lorentz 26
E 0.6 Lorentz 27
E‘ Lorentz 28
E 04 Lorentz 29
<
0.2 Lorentz 30
Lorentz 31
0 - — . . Lorentz 32
925 930 935 940 945 950 Lorentz 33

Wavelength (nm)
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Table 7 Vibrational
wavenumber offset from zero
vibrational line at 949.19 nm
for all vibrational transitions
identified, and comparison to
closest known Raman-identified
vibrational modes

Transition  Fitting function type ~ Center wave-  Center wave- Vibrational Closest vibra-

number length (nm) number (cm™!)  offset (cm™')  tional mode
(cm™)

2 Lorentzian 1 895.770 11,163.580 628.270 612.00

3 Lorentzian 2 898.424 11,130.602 595.292 612.00

4 Lorentzian 3 902.830 11,076.282 540.972

6 Lorentzian 4 905.215 11,047.099 511.789

7 Lorentzian 5 906.509 11,031.330 496.020 499.00

8 Lorentzian 6 907.902 11,014.405 479.095

9 Lorentzian 7 909.434 10,995.850 460.540 454.00

10 Lorentzian 8 912.382 10,960.321 425.011

11 Lorentzian 9 913.802 10,943.290 407.980

12 Lorentzian 10 915.092 10,927.863 392.553 393.00

13 Lorentzian 11 916.115 10,915.660 380.350

14 Lorentzian 12 917.301 10,901.547 366.237 368.00

15 Lorentzian 13 918.810 10,883.643 348.333 348.00

16 Lorentzian 14 919.885 10,870.924 335.614

17 Lorentzian 15 920.460 10,864.133 328.823

18 Lorentzian 16 921.589 10,850.824 315.514

19 Lorentzian 17 922.094 10,844.881 309.571

20 Lorentzian 18 923.499 10,828.382 293.072 289.00

21 Lorentzian 19 926.096 10,798.017 262.707

22 Lorentzian 20 926.938 10,788.208 252.898

23 Lorentzian 21 925.809 10,801.364 266.054 264.00

24 Lorentzian 22 928.568 10,769.271 233.961 228.00

25 Lorentzian 23 930.075 10,751.821 216.511

26 Lorentzian 24 930.636 10,745.340 210.030

27 Lorentzian 25 931.551 10,734.785 199.475

28 Lorentzian 26 933.500 10,712.373 177.063

29 Lorentzian 27 934.760 10,697.933 162.623

30 Lorentzian 28 935.567 10,688.705 153.395

31 Lorentzian 29 936.429 10,678.866 143.556 146.00

32 Lorentzian 30 937.207 10,670.001 134.691 137.00

33 Lorentzian 31 937.923 10,661.856 126.546

34 Lorentzian 32 938.804 10,651.851 116.541 120.00

35 Lorentzian 33 940.000 10,638.298 102.988 98.00

36 Lorentzian 34 941.375 10,622.759 87.449

37 Lorentzian 35 941.942 10,616.365 81.055

38 Lorentzian 36 943.036 10,604.049 68.739

39 Lorentzian 37 943.429 10,599.632 64.322

40 Lorentzian 38 944.218 10,590.775 55.465

41 Lorentzian 39 944.784 10,584.430 49.120

42 Lorentzian 40 945.141 10,580.432 45.122

43 Lorentzian 41 945.605 10,575.240 39.930

44 Lorentzian 42 946.208 10,568.501 33.191

45 Lorentzian 43 946.681 10,563.220 27.910

46 Lorentzian 44 947.378 10,555.449 20.139

47 Lorentzian 45 947.829 10,550.426 15.116
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Table 8 Compilation of all Yb:Lu,Oj; electronic and vibrational transitions at 8 K

Transition Fitting function type Center wave- Absorption coef- FWHM (nm) Center wavenum- Comments
number length (nm) ficient (1/cm) ber (cm™)
1 Gaussian 1 880.677 0.022 1.263 11,354.901 C;; level
2 Lorentzian 1 895.770 0.032 3.640 11,163.580
3 Lorentzian 2 898.424 0.040 1.440 11,130.602
4 Lorentzian 3 902.830 1.000 2.980 11,076.282 C, level
5 Gaussian 2 903.907 0.508 1.086 11,063.085
6 Lorentzian 4 905.215 0.360 1.244 11,047.099
7 Lorentzian 5 906.509 0.288 2.094 11,031.330
8 Lorentzian 6 907.902 0.091 1.418 11,014.405
9 Lorentzian 7 909.434 0.055 1.840 10,995.850
10 Lorentzian 8 912.382 0.162 3.368 10,960.321
11 Lorentzian 9 913.802 0.057 0.662 10,943.290
12 Lorentzian 10 915.092 0.105 1.702 10,927.863
13 Lorentzian 11 916.115 0.063 1.328 10,915.660
14 Lorentzian 12 917.301 0.096 2.290 10,901.547
15 Lorentzian 13 918.810 0.058 0.874 10,883.643
16 Lorentzian 14 919.885 0.119 1.492 10,870.924
17 Lorentzian 15 920.460 0.017 0.414 10,864.133
18 Lorentzian 16 921.589 0.099 1.908 10,850.824
19 Lorentzian 17 922.094 0.033 0.416 10,844.881
20 Lorentzian 18 923.499 0.067 1.120 10,828.382
21 Lorentzian 19 926.096 0.091 2.254 10,798.017
22 Lorentzian 20 926.938 0.055 0.940 10,788.208
23 Lorentzian 21 925.809 0.070 2.118 10,801.364
24 Lorentzian 22 928.568 0.499 0.700 10,769.271
25 Lorentzian 23 930.075 0.297 1.842 10,751.821
26 Lorentzian 24 930.636 0.033 0.452 10,745.340
27 Lorentzian 25 931.551 0.121 0.758 10,734.785
28 Lorentzian 26 933.500 0.204 1.298 10,712.373
29 Lorentzian 27 934.760 0.817 1.200 10,697.933
30 Lorentzian 28 935.567 0.157 0.932 10,688.705
31 Lorentzian 29 936.429 0.142 0.900 10,678.866
32 Lorentzian 30 937.207 0.127 0.980 10,670.001
33 Lorentzian 31 937.923 0.264 0.556 10,661.856
34 Lorentzian 32 938.804 0.282 0.688 10,651.851
35 Lorentzian 33 940.000 0.369 2.334 10,638.298
36 Lorentzian 34 941.375 0.159 0.850 10,622.759 C;; level
37 Lorentzian 35 941.942 0.115 0.526 10,616.365
38 Lorentzian 36 943.036 0.410 0.578 10,604.049
39 Lorentzian 37 943.429 0.339 0.974 10,599.632
40 Lorentzian 38 944218 0.472 0.986 10,590.775
41 Lorentzian 39 944.784 0.158 0.464 10,584.430
42 Lorentzian 40 945.141 0.249 0.572 10,580.432
43 Lorentzian 41 945.605 0.791 0.692 10,575.240
44 Lorentzian 42 946.208 0.395 0.666 10,568.501
45 Lorentzian 43 946.681 0.378 0.558 10,563.220
46 Lorentzian 44 947.378 1.050 0.572 10,555.449
47 Lorentzian 45 947.829 0.645 0.812 10,550.426
48 Lorentzian 46 948.647 0.816 0.538 10,541.329
49 Lorentzian 47 948.930 0.831 0.290 10,538.185
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Table 8 (continued)

Transition Fitting function type Center wave- Absorption coef- FWHM (nm) Center wavenum- Comments
number length (nm) ficient (1/cm) ber (cm™)
50 Gaussian 3 949.189 6.868 0.250 10,535.310 C, (0, 1)-(1, 2) level, C,
zero vibrational level
0,0
51 Lorentzian 48 949.405 1.279 0.218 10,532.913
52 957.500 10,443.864 Diffuse vibrational
53 964.350 10,369.679 Diffuse vibrational
54 Lorentzian 49 974.275 0.249 0.098 10,264.042 C;; zero level
55 Gaussian 4 974.408 0.991 0.126 10,262.642 C;; zero level
56 Lorentzian 50 974.422 0.420 0.084 10,262.494 C;; zero level
57 Lorentzian 51 975.371 0.904 0.116 10,252.509 C, zero level
58 Gaussian 5 975.584 1.604 0.068 10,250.271 C, zero level
59 Lorentzian 52 975.603 7.417 0.234 10,250.071 C, zero level
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Fig. 14 Yb:Lu,0; zero-phonon lines absorption data at 8 K, showing
the C;; line on the left and the C, line on the right, as well as Gauss-
ian and Lorentzian fits to the data

5.6 Complete compilation of all identified Yb:Lu,0;
transitions at 8 K

For convenience, we combined the data from Tables 6
and 7 into Table 8, and also added the diffuse transitions
near 957.50 and 964.35 nm, and the fitting parameters for
the Cs; and C, zero-phonon lines, each of which could be
decomposed to one Gaussian and two Lorentzian func-
tions. The detailed zero-phonon spectra will be discussed
in Sect. 5.6 of this paper. We can see, therefore, that the
complete spectrum of Yb:Lu,05 at 8 K consists of 59
discrete electronic and vibrational lines.

Fig. 15 Yb:Lu,0; zero-phonon lines absorption data at 20 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data

5.7 Zero phonon line region data and fits

Figures 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 and
26 show the measured absorption coefficients at a range of
temperatures from 8 to 300 K for the zero-phonon region of
974-977 nm. The region includes both the C, and Cj; lines.
We performed extensive fitting for each temperature, and
found that excellent agreement between the experimental
data and the fits can be obtained using Gaussian and Lorent-
zian fitting functions. For all cases examined the goodness of
fit, as measured by the calculated y* value, exceeded 99.9%.
We did not examine whether equivalent or better fits might
be obtained with a Voigt or other common functions. We
note that the total fit and absorption coefficient data have a
high degree of overlap, and in some of Figures 14, 15, 16,
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Fig.16 Yb:Lu,0; zero-phonon lines absorption data at 30 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data
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Fig. 17 Yb:Lu,0; zero-phonon lines absorption data at 40 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data

17,18, 19, 20, 21, 22, 23, 24, 25 and 26 are indistinguish-
able from one another. Table 9 lists, for each temperature,
the site type, fitting function type, and the center wavelength,
FWHM bandwidth, and absorption coefficient for each indi-
vidual function.

The fitting function parameters of Table 9 can be used to
generate a number of interesting plots, and to provide for the
first time a detailed look at the variation in parameters with
temperature for both the C, and Cj; transitions. Figure 27
shows the absorption coefficient and FWHM bandwidth
as a function of temperature for the Gaussian component
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Fig. 18 Yb:Lu,0; zero-phonon lines absorption data at 50 K, show-
ing the Cj; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data
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Fig. 19 Yb:Lu,0; zero-phonon lines absorption data at 60 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data

of the C, line. The Gaussian component corresponds, we
believe, to the pure electronic part of the linewidth, and is
maximum at 8 K. It gradually decreases to about 100 K,
and then dramatically reduces in intensity between 100 and
150 K, remaining constant thereafter. The FWHM band-
width is seen to remain constant up to about 100 K, and then
to continually increase up to 300 K. In Fig. 28, we show the
C, Lorentzian absorption coefficient and FWHM bandwidth;
the Lorentzian component, that we believe to be primarily
a measure of the thermal part of the bandwidth, increases
beginning at the lowest temperatures monotonically until
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Fig.20 Yb:Lu,0; zero-phonon lines absorption data at 70 K, show-
ing the Cj; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data
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Fig.21 Yb:Lu,0; zero-phonon lines absorption data at 80 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data

90 K, where a sudden drop occurs. Thereafter, the intensity
increases to 150 K, where the intensity decreases dramati-
cally up to 300 K. The FWHM bandwidth also increases
up to 90 K where a sudden drop occurs, and thereafter
substantially increases up to 300 K. In Fig. 29, we plot the
absorption coefficient and FWHM intensity for the smaller
Lorentzian C, component located at 975.371 nm at 8 K.
This transition gradually reduces in intensity and increases
in bandwidth until 80 K, whereupon it disappears completely
up to 300 K. This transition is likely the result of a C,—C,
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Fig.22 Yb:Lu,0; zero-phonon lines absorption data at 100 K, show-
ing the Cy; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data
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Fig. 23 Yb:Lu,0; zero-phonon lines absorption data at 150 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data

cation nearest-neighbor interaction, resulting in a Stokes
shifted component, as has been found recently by Guzik
et al. [25]. Because the nearest-neighbor interaction is not
strong for Yb:Lu,O;, the Stokes shift occurs inside the zero-
line profile, unlike for Nd:Lu,O; where the Stokes shifted
line may be found in the shoulder of the zero-line profile
[25]. In Fig. 30, the absorption coefficient and FWHM band-
width are plotted for the main Gaussian electronic part of the
C;; forbidden line. The absorption coefficient and bandwidth
are seen to be more or less constant until between 100 and
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Fig.24 Yb:Lu,0; zero-phonon lines absorption data at 200 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data
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Fig.25 Yb:Lu,0; zero-phonon lines absorption data at 250 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data

150 K where a dramatic drop in the C,; Gaussian intensity
takes place, while the FWHM bandwidth increases beyond
150 K, and becomes very large at 300 K. The behavior of
the C,; Gaussian transition and the C, Gaussian transition
(Fig. 27) are in fact very similar. For the C;; main Lorentzian
transition, shown in Fig. 31, we see a gradual increase in the
absorption coefficient intensity up to 100 K, a large increase
between 100-150 K, and then thereafter a dramatic decrease
up to 300 K. The FWHM bandwidth gradually decreases
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Fig.26 Yb:Lu,0; zero-phonon lines absorption data at 300 K, show-
ing the Cs; line on the left and the C, line on the right, as well as
Gaussian and Lorentzian fits to the data

until about 100 K, and then at 150 K begins to increase
substantially up to 300 K. The behavior is thus very similar
to the C, Lorentzian data of Fig. 28.

In Fig. 32, we use the fitting functions for the zero-lines
summarized in Table 9 to calculate the total (whether C, or
C;;) Gaussian and Lorentzian areas for each temperature,
and the sum of the Gaussian and Lorentzian areas to find the
total area. It is clear that at about 80-90 K, the nature of the
zero-line changes from being primarily Gaussian to being
predominantly Lorentzian with an intensity that exceeds the
Gaussian intensity up to 300 K.

Figures 27, 28, 29, 30, 31 and 32 offer a comprehensive
view of the many interesting changes that accompany the
Lu,05 structure as temperature is varied. The disappear-
ance of the C;; small Stokes-shifted Lorentzian component
at 80 K is very likely the result of the thermal expansion of
the unit cell as temperature increases, which increases the
nearest-neighbor distances of the cations. This view is sup-
ported by the near equality of the Gaussian and Lorentzian
areas that occurs near 100 K, and the growth of Lorentz-
ian (thermal) contributions to the linewidth over Gaussian
(electronic) contributions beyond 100 K. Due to the ther-
mal expansion of the unit cell, and the resulting changes
to the local coordination environment, it also seems clear
that the local crystalline field experienced by each Lu cation
in the C, site becomes weaker as temperature rises. The
reduced local field can be attributed, at least partially to
thermal expansion, or to changes resulting from a change in
the local (distorted) environment. Between 80 and 100 K,
it appears that a soft phase-transition involving the rear-
rangement of the local coordination environment may be
taking place, resulting in a reduced local field and a lower
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Table 9 Fitting function parameters for C;; and C, sites for each tem-
perature measured, showing fit type [Lorentzian (L) and Gaussian

G)]

T(K) Site Fitting type A, (nm) Adpwpm (nm)  a (1/cm)
8 C; L 974.275  0.097 0.249
Gy G 974.408  0.127 0.991
C; L 974.422  0.084 0.042
C, L 975371 0.117 0.904
C, L 975.584  0.068 1.604
C, G 975.603 0.234 7.417
20 Cy; L 974362  0.218 0.489
Cy; G 974.419  0.106 1.073
C, L 975376  0.126 0.771
G, L 975.587  0.130 2.198
C, G 975.606  0.233 6.513
30 Cy; L 974364  0.197 0.592
Cy G 974.425  0.100 0.998
G, L 975379 0.124 0.754
G, L 975.587 0.132 2.542
C, G 975.608 0.234 6.388
40 Cy; L 974373 0.195 0.635
Cy; G 974.423  0.096 0.949
G, L 975.375 0.116 0.714
G, L 975.586  0.140 2.425
G, G 975.611 0.234 6.382
50 Cy; L 974.369  0.210 0.563
C; G 974.426  0.100 1.015
G, L 975.379  0.112 0.734
G, L 975.591 0.166 2.453
G, G 975.615 0.229 6.534
60 C; L 974.374  0.199 0.612
Cy; G 974.426  0.105 0.954
G, L 975.390 0.104 0.771
G, L 975.586  0.178 3.332
C, G 975.626  0.223 6.442
70 C; L 974380 0.194 0.675
C; G 974.430  0.099 0.977
C, L 975.406  0.104 0.819
C, L 975.591  0.199 4.502
C, G 975.635 0.224 6.110
80 C; L 974378  0.186 0.736
C; G 974.426  0.098 1.015
C, L 975.395  0.093 0.574
C, L 975.602  0.257 5.045
C, G 975.624  0.239 6.132
90 C; L 974382  0.184 0.769
Gy G 974.425  0.093 1.076
C, L 975395 0.132 0.800
C, L 975.636  0.426 3.282
C, G 975.618 0.246 8.739

Table 9 (continued)

T(K) Site Fitting type 4, (nm) Adpwpm (nm)  a (1/cm)
100 Cy; L 974.385 0.166 0.964
Cy; G 974.430 0.087 1.054
G, L 975.625 0.347 7.414
C, G 975.618 0.288 5.755
150 Cy; L 974384 0.173 1.439
Cy; G 974.432  0.070 0.346
C, L 975.672  0.566 11.890
G, G 975.659 0.431 2.706
200 Cy; L 974.334  0.400 0.658
Cy; G 974364  0.177 0.377
C, L 975.719  1.000 7.781
G, G 975903  0.603 0.356
250 Cy; L 974.274  0.444 0.622
Cy; G 974361 0.168 0.041
G, L 975.773  1.748 4.162
G, G 976.011 0.844 0.326
300 Cy; L 974.167 0.481 0.228
Cs; G 974.267 0.46 0.163
C, L 975.804  2.805 2.442
C, G 976.059  1.167 0.408

Ao center wavelength, Adgy,, the FWHM bandwidth, a absorption
coefficient

electronic transition probability. To examine this we con-
ducted a series of low temperature X-ray diffraction experi-
ments described in Sect. 6.0 of this paper, and discovered
that subtle but apparently important changes in the structure
are indeed occurring.

6 X-ray analysis of Lu,0; coordination
environments

To help determine the cause of the unusual low tempera-
ture absorption behavior, we obtained full single-crystal
data sets at a range of temperatures between 100 and
300 K by single-crystal X-ray diffraction. We wished to
test whether there was any detectable distortion or sym-
metry reduction/alteration about the Lu sites that could be
leading to the observed optical effects. We obtained good
quality structure refinements consistent with the bixby-
ite structure type, and did not observe deviations in site
symmetry or space group as a function of temperature.
As expected, the lattice parameter contracts as a function
of lower temperatures (Fig. 33), but we did not observe
any preferential contraction/expansion of the Lu—O bond
lengths that resulted in any change in site symmetry.
We do, however, observe an unusual structural curiosity
around 150 K. At these lower temperatures, the structure
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refinement was significantly improved by switching the
Lul atom (which is the centrosymmetric Cs; site) from
the 8b Wyckoff site above 150 K to the 8a Wyckoff site at
and below 150 K. The symmetry does not change, but this
positional switch also causes the Lu2 site to move to a dif-
ferent 24d site (still having C, symmetry), and the oxygen
atom likewise moves to a different 48e site (Table 10).
Both models (above and below 150 K) have the same
local arrangements of atoms, but the structure refines sig-
nificantly better when the specific arrangements are used
for higher temperatures versus lower temperatures. This
curious phenomenon was observed for multiple crystals
tested in the same temperature range. Both arrangements
are reported in the literature for oxides of the bixbyite
structure type [17, 26-28]. We are not yet sure if this is a

@ Springer

contributing factor to the observed optical properties that
occur at or near the same temperature, but decided it at
least warranted mention here.

7 Discussion and conclusions

In this paper, we have presented the results of a compre-
hensive study of the variation of the detailed spectroscopic
absorption properties of the laser material Yb:Lu,0; as
temperature is varied between 8 and 300 K. Because of the
wide range of temperatures used in our measurements, it is
now possible to see in a glance the evolution of the general
absorption features as a function of temperature. Our meas-
urements, when combined with the detailed fitting functions,
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and a least-squares approach to fitting the experimental data,
also yielded many fine details of the observed electronic-
vibrational transitions, and of the zero-line data.

We experimentally observed for the first time, the Cs;
(0, 1)—(1, 3) transition at 880.7 nm at 8 K, and based on
the detailed high confidence fits to the experimental data,
present for the first time a compilation of all 59 electronic
and vibrational transitions observed, including the center
wavelength, bandwidth, and absorption coefficient ampli-
tude. Our high-resolution zero-line data make it possible
to observe the detailed relationship of the C, and C;; zero-
lines, and the way in which they merge at higher tem-
peratures. Detailed fitting of the zero-lines also allowed

us to identify for the first time a C, satellite Stokes transi-
tion attributable to nearest-neighbor cation interactions,
which disappears at about 80 K and is unobservable at
higher temperatures. Through detailed modeling of the
zero linewidths, we observed the evolution of individual
lines with temperature for both the C, and C;; sites. They
also show the progression of the linewidth from having a
mostly electronic (Gaussian) nature below 100 K to being
dominated by thermal processes (Lorentzian) at higher
temperatures. When taken as a whole, it is clear from
the data that something significant happens to the Yb3*
ion in the lattice between 80-100 K, and we identified a
“soft” phase-transition from our X-ray measurements of
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the coordination environment that support this conclusion.
Furthermore, recently, a closely related crystal, Yb:Y,05,
has been found to behave in a very similar way, with the
total area of the zero-line varying in much the same way
as shown here for Yb:Lu,05 (Fig. 32) [29]. In our study,

@ Springer

a single hydrothermally grown laser crystal was used,
whereas in [29], the samples were ceramic. This close
similarity between the two results reduces the likelihood
that the variation in the zero-line strength is due to some
growth-related strain or to an inadvertent impurity.
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Fig.33 Yb:Lu,0; lattice 10.399 1
parameter as a function of tem-
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Table 10 Positional parameters  pory () Lulx Luly Lulz Lu2x Lu2y L2z Olx Oly 01z
as a function of temperature
300 0.25 025 025 025 0.533124 05 0.152454  0.379955 0.391585
250 0.25 025 025 025 0533171 05 0.152882  0.379828  0.391229
200 0.25 025 025 025 0.533163 05 0.153893  0.380065 0.391276
175 025 025 025 025 0.533168 0.5 0.152795 0.380431 0.391802
150 0.5 0.5 0.5 0.25 0.716776 0.5 0.870326  0.902874  0.641553
125 0.5 0.5 0.5 0.25 0.716813 0.5 0.870062  0.903069  0.641588
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