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Abstract

We present temperature-dependent high-resolution polarized transmittance spectroscopy as well
as luminescence spectroscopy of YbAl;(BOs3)4 single crystals. Positions and symmetries of all
the Yb*T crystal-field electronic levels have been found from the analysis of the spectra. Near
the main line of the optical transition 2F, 12(0) — 2F; ,2(0) we observe a lot of narrow weak
lines. These lines point to the presence of several different distorted sites of Yb*>*. We analyze
the possible origin of the distorted sites. Vibronic structure in transmittance and luminescence
spectra was observed and compared with room-temperature Raman spectra.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

At the present time, much attention is being given to ytterbium-
doped nonlinear crystals for laser applications. Yb>* ions
demonstrate several advantages over other rare-earth (RE)
ions used in solid-state lasers. In the energy region up to
50000 cm~', they have only two energy levels, the 2F7/2
ground state and the long-living Fs /2 excited state at about
10000 cm ™!, which can be efficiently pumped by commercial
laser diodes near 980 nm. The quasi-three-level laser with a
small difference between the absorption and emission bands
can be realized, resulting in a high pump-laser conversion and
reduced crystal heating during laser operation. Furthermore,
cross-relaxation and excited-state absorption losses are absent.

Another important property of the Yb>™ ion is its tendency
to couple strongly with matrix lattice vibrations (see, e.g. [1]).
This leads to a strong thermal broadening of the electronic
transitions and also to the appearance of strong vibronic
satellites in the absorption and emission spectra. From the
viewpoint of laser applications, a broad spectrum allows
the achievement of short laser pulses and also gives the
possibility to tune the infrared laser wavelength. The use of
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a nonlinear crystal as a host matrix for the Yb*" ion extends
the wavelength to the visible region through self-frequency
doubling (SFD) and self-frequency mixing.

Among nonlinear crystals, YAl;(BO3)4 (YAB) possesses
not only excellent nonlinear properties but also good
mechanical strength, thermal properties and chemical stability.
Recently, considerable progress has been achieved in creating
compact diode-pumped efficient Yb: YAB lasers. Tunable CW
laser action in the near infrared at around 1040 nm [2] as
well as in the green (513-546 nm) [3], and yellow (560—
570 nm) [4] spectral regions has been demonstrated. The
green output power of 1.1 W reported in [3] corresponds to
the highest green power achieved by an SFD laser. Also, a
pulsed operation of a Yb:YAB laser has been obtained in both
the mode-locked [5] and Q-switched [6] regimes. Present
efforts in the field of Yb:YAB laser crystals are directed,
in particular, towards the growth of highly concentrated
crystals for microchip lasers. Thus, the growth of Yb:YAB
crystals with Yb** concentrations up to 75 at.% and of the
stoichiometric YbAl3(BOs3)4 (YDAB) crystal has been reported
recently [7, 8].

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Comparison between the LT (20 K) luminescence
spectrum of the YbAB crystal under excitation at A = 968 nm (upper
part) and the ¢ polarized transmittance spectra of the 0.22 mm thick
YbAB sample at different temperatures (3.5, 20, 30, 40, 60, 80, and
300 K). The 7 polarized LT (3.5 K) spectrum is also shown.

While a comprehensive spectroscopic study of Yb:YAB
crystals with low Yb concentrations (up to 8%) has been
performed [9], only room-temperature (RT) spectra of
YbAB [8] have been presented up to now. In this paper, we
report on the high-resolution polarized temperature-dependent
absorption as well as low-temperature (LT) emission spectra
of YbAB single crystals. The energies and irreducible
representations of the Yb*T levels are determined. Vibronic
structure in the spectra is analyzed. The existence of several
nonequivalent Yb centers is evidenced. Their quantity does
not exceed 1%.

2. Experiment

YbAB single crystals of good optical quality were grown
by the solution growth technique using the flux 85% mass
(Bi2M03012 + 2B203 + O.5Li2MOO4) + 15%mass YbA13
(BO3)4. The crystals were oriented by an optical method
and several samples of different thickness were cut either
perpendicular or parallel to the c-axis of the crystal.

The polarized absorption spectra were measured at 3.5—
300 K using a high-resolution Bruker IFS 125 HR Fourier-
transform spectrometer with a Si detector and either a closed-
cycle Cryomech ST403 cryostat or a helium-vapor cryostat.
The resolution for the absorption measurements was up to
0.1 cm~! and was chosen to reproduce correctly the narrowest
details in the spectra. The spectra were registered in the o
k|| c, EEH L ¢),o(k Lc, EH 1L ¢),andm (k L c,
E || c) polarizations.

In LT luminescence setup, excitation was provided by a
CW Ti-sapphire laser (Coherent Innova 90) pumped by an
ionized argon laser. The infrared fluorescence was dispersed
by an ARC spectrapro 750 monochromator and detected
by a liquid-nitrogen-cooled PbS cell. The signal was then
amplified by a lock-in amplifier (EG&G) in order to improve
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Figure 2. Scheme of the energy levels of the Yb>" ion in the YbAB
single crystal. The symmetry assignments are indicated on the right.

the signal-to-noise ratio. Samples were cooled to 10 K with
an Oxford Instruments closed-cycle helium cryogenerator.
Typical spectral resolution was 0.6 nm in the 1 ©m wavelength
region.

In order to measure the ytterbium excited-state lifetime,
excitation was provided by an optical parametric oscillator
pumped by a pulsed triple Nd:YAG (355 nm). Luminescence
was dispersed by an HR 250 Jobin—Yvon monochromator.
Finally, the signal was detected by an InGaAs cell in the near-
infrared domain.

3. Results and discussion

Figure 1 shows the polarized transmittance spectra of
about 0.2 mm thick YbAB samples, together with the LT
luminescence spectrum. We failed to prepare more thin
samples and, at low temperatures, the 0-0' absorption line
(see the scheme of figure 2) is saturated in all the three
polarizations (77, o, and «), while the region of the next 0—1’
optical transitions is well observed in the m-polarization but
is saturated in the o and a-polarized spectra. In the Yb*"
free ion, the ?F;/» — 2Fs, optical transition is allowed in the
magnetic dipole approximation. Because of that, one can await
a significant magnetic dipole contribution for the Yb** spectra
in the crystal.

In the YbAB crystal that belongs to the trigonal system
with the space group R32, Yb’* ions residing in a single
crystallographic position experience the crystal field of the
D3 point symmetry [10]. This crystal field splits the ground
and excited level into four and, respectively, three Kramer’s
doublets, namely, *F;» — *T4 + I'ss, 2F52 — T4 + I'sg
(here, I'y and I'se are different irreducible representations of
the D3 point group). Selection rules for both electric dipole
and magnetic dipole optical transitions are summarized in
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Figure 3. A part of the LT spectra of YbAB at T = 80 K («, 7, and
o polarizations) and at 10 K (;r-polarization).

Table 1. Selection rules for electric (d or el) and magnetic (« or m)
optical transitions in the D3 point symmetry.

ry I'sq

[y dzl”-zdxy:uxy dxy,uxy
((X, T, G)el’ ((X, 7'[,(7),,, (Ol,(f)el, (av ﬂ)m
FSG dxyl"-xy dzl”-z
((X, U)el’ ((X, ﬂ)m (7'[)31((7),,,,
o-forbidden

table 1. The notation of the type (&, o)., (¢, 7),, indicates
that the transition is allowed in the « and o polarizations
for the electric dipole case and in the « and m polarizations
for the magnetic dipole case. The equality « = o points
to a purely electric dipole transition while « = 7 holds
for a purely magnetic dipole transition. If both electric and
magnetic dipoles contribute, it is not possible to distinguish
between 'y — I'y and I'y — I'sg transitions by inspection
of polarized spectra. On the contrary, ['ss — I'se transitions
are strictly forbidden in the «-polarization. From the fact
that no absorption line vanishes at low temperature in the o-
polarization, we conclude that the ground state (0) is the I'y
state.

At elevated temperatures, the excited crystal-field (CF)
levels of the *F;/, ground manifolds are populated and give
rise to the absorption lines at the low-frequency side from
the 00" line. One can see these lines in figure 1 for the o-
polarized spectrum at different temperatures. Figure 3 displays
this spectral region for the 7, o, and « polarized spectra of
YbAB at T = 80 K. The absence of the 2—1" absorption line
in a-polarization is evident (we confirmed this statement by
subtracting the «-spectrum from the o-one). Thus, the levels
’F, 2 (2) and 2F; 2 (17) are I'sg levels. The main luminescence
lines correspond well with the excited-state absorption lines
(see figure 1). The 0’0 line is either completely absent in the
luminescence spectra or seen as a small bump, which is due to
reabsorption of resonant radiation.

The energy levels of YbAB and symmetry assignments are
summarized in figure 2. For a comparison, we list the data on
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Figure 4. The position of YbAB crystal-field levels at the ‘barycenter
curve’ [10] (a) and at the splitting “Fs» versus *F;, curve [11] (b).

Yb**—YAB obtained from the analysis of polarized absorption
and of luminescence spectra [9]: 0 (I'4), 77, 165, 565, 10 188
(T'y), 10248 (I'sg), 10660 (I'y). The energy level patterns
are similar in both crystals. Figure 4 shows the position of
YbAB CF levels at the ‘barycenter curve’ [11] and the splitting
4Fs /2 Versus ‘F; /2 curve [12]. It fits this empirical dependence
very well, which confirms the reliability of the electronic level
positions found from the experimental data.

In several previous works on Yb:YAB, the doublet
structure of the 0—0" absorption and/or 0’0 emission transition
at low temperatures was reported [13, 14, 9]. The relative
intensities of two narrow 0-0" absorption peaks at 10188
and 10202 cm™! changed with ytterbium content in the
samples, which indicated that these two lines originate from
two nonequivalent Yb*" centers in YAB [9]. Correspondingly,
the two components of the 0'~0 emission doublet had different
excitation spectra. The relative contribution of the minor Yb2
center Yb2/Ybl was shown to grow from about 3% to 25%
with the growth of Yb concentration in the crystal from 0.25%
to 8%, respectively [9].

In the LT spectra of YbAB, the satellite line 10201 cm~!
of the 0—0’ absorption transition at 10 189 cm™~! is also present
(see figure 3). However, several more very narrow lines (with
half-widths of several tenth of wavenumber) are observed near
the 0—0" absorption line. Figure 5 shows them in the expanded
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Table 2. Satellites of the 00" absorption line. Numbers near satellites correspond to notations of figure 5, Av—distance from the main line,
dv—rfull-width at half-height (FWHH), § = f k(v)dv—integral intensity (here k is the absorption coefficient).

No. 1 2 3 4 5 6 7 8 9 10
Av(m™') 193 —125 117 -8.6 54 39 =3.1 2.7 1.9 1.3
sv(em ) 108 1.00  1.59 0.97 1.06 0.64 1.13 038 036 1.13
S (cm™2) 0.74 049 8.78 2.01 1.89 6.86 481 1.75 3.00 205
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Figure 5. Narrow lines near the 0-0 absorption line of the 0.22 mm
thick YbAB single crystal at 7 = 3.6 K.

scale but table 2 lists their parameters. The main absorption
0-0' line being saturated, it is not possible to determine the
relative intensities of the satellite lines. However, from the 7 -
spectrum of figure 5 we find k = 4.6 cm™' for the absorption
coefficient in the maximum of the 10201 cm™! absorption line,
corresponding to the Yb2 center of [9], and get an estimate
k > 330 cm™! for the saturated main line. This leads to a crude
estimate for the relative quantity of Yb2 centers: Yb2/Ybl <
1.4%.

The discussed satellites, probably, correspond to the Y
ions in a regular position but with some defect present in
the nearest surrounding. In [15], a very similar satellite
structure in the spectra of YAG:Er*", grown by the Czochralski
method, has been assigned to the Er centers distorted by
nearby defects of the type ‘yttrium at the place of aluminum’.
Despite a big difference in the ionic radii r, Y3t (r =
0.89 A) enters into the position of APt r = 053 A) in
the course of a high-temperature crystal growth process. In
a recent paper [16] a direct comparison between the spectra of
Gd3Gas0;,:Nd** crystals grown by the Czochralski method
and by the solution growth technique at lower temperatures
has shown that really in the first case the satellites in the
spectra are much stronger. Similar results have been obtained
for YVO4:Nd** grown by Czochralski and solution growth
techniques [17]. YbAB crystals are grown by solution growth
techniques at lower temperatures, using K;Mo30;o and Bi,O3
flux. Flux ingredients can, however, substitute for a regular
ion in the crystal lattice during crystallization. Most probably,
Bi** (r = 1.02 A) substitutes for a rare earth but Mo>t (r =
0.67 A) substitutes for aluminum. Using the structural data on

b3+

X

®) d 2

Figure 6. Regular Yb*" positions within several coordination
spheres of the defects [Mo]a; (a) and [Bilyy (b). Numbers near Yb
atoms correspond to the coordination sphere numbers (first, second,
...) Yb atoms belong to.

YbAB [18] and the program ‘Balls and Sticks’ we have found
regular Yb>* positions within several coordination spheres of
the defects [Bi]yp and [Mo]a;. Figure 6 shows these positions
but table 3 lists their distances R from the defect. The shorter
R is the stronger is the crystal-field distortion for a given Yb>*
ion and the bigger is the spectral displacement of a satellite
from the main line, while the intensity should be proportional
to the number of equivalent Yb** centers around a defect. The
observed satellite lines have different line widths ranging from
0.4 to 1.3 cm™!, probably because several slightly different
distorted Yb positions contribute to a particular satellite line.
Table 2 contains the observed distances of satellites from the
main line, their widths, and integral intensities. However, it
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Table 3. Distances between defects ((Mo]a; and [Bilyy) and several nearest neighbor Yb ions. The number of Yb positions in a given

coordination sphere is indicated in parenthesis.

Coordination

sphere no. 1 2 3 4 5 6 7

[Mo]a=Yb (A) 3.619 4.153 5.098 5.507 7.178 7.763 8.026
2) (D) (D) 2) (2 2) (D)

[Bilys-Yb (A) 5854  7.176  7.189
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Figure 7. Low-temperature emission and transmission spectra
plotted symmetrically relative to the 0-0’ transition and compared
with the RT Raman spectrum (the lowest curve).

is difficult to assign unambiguously a satellite to a particular
distorted Yb center, without performing calculations of lattice
and crystal-field perturbations by the defect.

In this study, the YbAB crystals were grown using the
Bi,Mo030, based flux where Bi,O3 is strongly bonded to
MoOs3 which strongly diminishes the probability of the Bi —
Yb and Mo — Al substitutions. Possibly because of that, the
amount of distorted Yb sites in our crystals was relatively low
(<1.4% in contrast to 3—-25% reported for Yb: YAB earlier [9]).

As has already been mentioned above, Yb** jons tend
to couple strongly with lattice vibrations.  Because of
that, vibronic lines appear in the spectra with an intensity
comparable to that of electronic lines. Figure 7 shows the
absorption and emission spectra plotted symmetrically relative
to the 0-0 transition. Though the luminescence spectrum,
being taken at a poor resolution and at effectively higher
temperature (due to heating by laser light), does not show
such a detailed structure as the absorption spectrum, several
coincidences are evident. These spectral details correspond to
the vibronics associated with the 0-0" transition and involve
lattice phonons with frequencies 95, 226, 282, 424, 504, 620,
and 713 cm~!. All these frequencies excluding 95 cm™!
(which was outside the studied spectral region) were present
in our Raman spectra of YbAB also shown in figure 7. It
should be mentioned that the Raman (and the far-infrared
spectra) give information on the frequencies of phonons at the
Brillouin zone center while the electrons of an RE ion interact
with all the phonons. Here, the phonon density of states
(multiplied by the electron—phonon interaction constants) is
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Figure 8. The RT emission (Lex = 940 nm) (a) and absorption (b)
spectra.

of importance (see, e.g. [19]). A detailed analysis of Raman,
far-infrared, and vibronic spectra of YbAB will be presented
elsewhere.

For laser applications, the RT spectral properties are
important. Figure 8 shows the RT absorption and emission
spectra. While the 0-2' high-frequency absorption band (see
figure 8(b)) is equally intense in the o and o polarizations
(¢ = o) which points to a purely electric dipole character of
the optical transition, in the region of 0-0" and 01’ transitions
the «-polarized absorption dominates over the o-polarized
one, evidencing a magnetic dipole contribution to the optical
transition probability. The highest absorption coefficient of
k = 175 cm™! is at the wavelength 975.6 nm (0—1" transition)
in the «-polarization. The FWHH of the strong band peaking
at 975.6 nm is 200 cm~'. Such a broad band is favorable in the
case of a possible drift of the pumping diode laser wavelength.
The RT lifetime is T = 30 ws, which is in agreement with
previously reported data [20].

Maximal intensity of the RT luminescence of YbAB
corresponds to the 0’3 transition at ~1037 nm where the laser
action was first obtained for Yb:YAB [2]. A broad emission
spectrum could be favorable for some tunability around this
wavelength and for producing ultrafast pulse generation in the
thin disk configuration.
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4. Conclusions

Absorption and luminescence spectra of the YbAI3(BOs3)y
stoichiometric nonlinear crystals were measured in a wide
temperature range. The absorption spectra were registered in
thea (k || ¢, ELH L ¢),o(k L ¢, E,H L ¢),and 7
(k L ¢, E || ¢) polarizations. Positions and symmetries of all
the Yb>* crystal-field electronic levels have been found from
the analysis of the spectra. In particular, the I'ss symmetry
of the levels 2 (°F; ,2)and 1’ (*Fs /2) was established. Multiple
weak narrow (down to 0.3 cm™") spectral lines have been found
near the 2F7/,(0) — 2Fs/>(0) main line and assigned to Yb*"
sites perturbed by a nearby defect. The relative quantity of the
perturbed sites was estimated to be less than 1.4%. Vibronic
transitions mediated by the electron—phonon coupling were
observed and partly assigned.

Finally, the RT optical properties important for laser
applications were discussed. At RT, the strongest absorption
(characterized by the absorption coefficient k = 175 cm™!)
experiences the «-polarized light with the wavelength A =
975.6 nm. The width of this absorption band constitutes
200 cm™!. It contains both electric dipole and magnetic dipole
contributions. The RT fluorescence lifetime was found to be
T ~ 30 us.
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