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“Mixed” calcium rare-earth aluminate laser host crystals Ca(Gd,Lu)AlO4 (CALGLO) with up to 10.8 at.% Lu
codoped with Tm®" and Ho®" ions are grown by the Czochralski method along the [001] direction. The
segregation of rare-earth ions is studied. The crystal structure is refined by the Rietveld method. Tm,Ho:Ca(Gd,
Lu)AlO4 crystallizes in the tetragonal system (sp. gr. I4/mmm) exhibiting a KoNiF4 type structure. The lattice
constants are a = 3.6585(6) A and ¢ = 11.9660(9) A for a crystal with a composition of CaG-
do.8947Lu0.0551 Tmo 0448H00.0054A104. The stability of Ca(Gd,Lu)AlO4 solid-solutions is discussed. The polarized
Raman spectra are measured, revealing a most intense mode at 311 cm ™! and a maximum phonon frequency of
~650 cm ™. The polarized absorption spectra are measured. The transition intensities for the Ho®* ion are
analyzed using the modified Judd-Ofelt theory accounting for configuration interaction.

1. Introduction CaGdAlO4) with moderate dependence on the RE®* doping concentra-

tion, weak anisotropy of thermal expansion and negative thermo-optic

Calcium rare-earth aluminates CalL.nAlO4 where Ln stands for Gd or Y
(denoted as CALGO/CGA and CALYO/CYA, respectively) are attractive
laser host crystals [1-3]. They crystallize in a tetragonal class having a
KoNiF4-type structure and exhibit structural disorder: the Ca®" and
Gd>*|Y3" cations are statistically distributed over the same Wyckoff site
(4e, C4y-symmetry) [4,5]. As a result, CaLnAlO4 doped with laser-active
trivalent rare-earth ions (RE3*) such as Yb®*, Tm3*, Ho®", etc., exhibit
significant inhomogeneous broadening of spectral bands [6]. Despite
their disordered nature, the CaLnAlO4 crystals provide good thermal
properties, such as high thermal conductivity (~6.7 Wm 'K™! for

coefficients leading to almost “athermal” behavior [7]. Tetragonal
CaLnAlOy crystals exhibit natural birefringence [8] and enable polarized
laser emission [9]. Due to the presence of the substitutional rare-earth
site, the doping of CaLnAlO4 crystals is relatively easy. Finally, partic-
ularly for Ln = Gd and Y, the CaLnAlO4 compounds melt congruently (at
~1750 °C in the former case), so that large crystals can be grown rela-
tively easy by the conventional Czochralski (Cz) method [10].

The reported thermal and spectroscopic properties of RE>*-doped
CaLnAlO4 rendered these crystals excellent candidates for generation
and amplification of ultrashort laser pulses [11,12], including the
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high-power regime [13] (e.g., thin-disk lasers [14,15]). In the past de-
cades, the research activity mainly focused on Yb®-doped crystals
corresponding to the spectral range of ~1 pm [11-15]. More recently,
the interest shifted towards the eye-safe spectral range of ~2 pm [16,
17]. The laser emission at ~2 pm is typically achieved using thulium
(Tm3+) and/or holmium (Ho3+) dopant ions. The growth and spectro-
scopic characterization of singly doped and Tm3*,Ho%"-codoped CaG-
dAlO4 and CaYAIOy crystals were reported in Refs. [3,18]. Furthermore,
such materials were proven to be capable of generating femtosecond
pulses at ~2 pm [16,17].

The CaLnAlOy4 crystals belong to a big class of oxides with a general
chemical formula of ABCO4, where A% = Ca®" or Sr**, B3" is a rare-
earth cation, and C3* = AI3* or Ga®" [19]. Not all the possible ABCO,4
compositions are stable, exhibit the desired KyNiF4-type tetragonal
structure and melt congruently. Other known compositions satisfying
these conditions are SrLaAlO4 and SrLaGaO4 [20,21]. The search for
other compositions of ABCO4 crystals (and, in particular, CaLnAlO4
ones) will help to improve the thermal and spectroscopic properties.
Another option is the growth of “mixed” crystals (solid solutions)
leading to compositional disorder and hence to additional broadening of
the spectral bands of laser-active RE3* dopant ions. As for the CaLnAlO4
crystals, the Cz growth of stoichiometric compounds with other
host-forming cations was reported only for Ln = Nd [4,22], Dy [23] and
Tb [24]. However, all these ions are optically active and do not appear
attractive for “mixed” crystals.

The lutetium ion (Lu3+) is known as a passive host-forming cation for
many oxide materials such as garnets (LuzAlsO12), sesquioxides (LuxOs),
tungstates (KLu(WO4)2) or perovskites (LuAlO3). Due to the closeness of
ionic radii of Lu®* and Yb®" or Tm®* ions, Lu-based oxides (as compared
to their Gd-based counterparts) provide easier doping and weaker
dependence of thermal properties on the doping level [25]. Unfortu-
nately, so far, the CaLuAlO4 compound has never been synthesized as a
single crystal [26]. An alternative route can be the fabrication of a
“mixed” material, e.g., Ca(Gd,Lu)AlO4 with a partial substitution of
Gd®* by Lu®". First, this idea was exploited in Ref. [27] to produce
Yb3+—doped Ca(Gd,Lu)AlOy crystals (denoted as CLGA) with a maximum
Lu* content of 5.5 at.%. Later, Tm>*-doped crystals with a similar Lu>*
content were grown and their spectroscopic and laser properties were
studied [28].

In the present work, we report on the first Cz growth of Tm
codoped “mixed” Ca(Gd,Lu)AlO4 (abbreviated: CALGLO) crystals pre-
serving the tetragonal KyNiF4-type structure. These crystals feature
increased Lu®* content up to 10.8 at.% extending the understanding of
solid-solution formation in the system Ca(Gd; xLuy)AlOg4.

3+ 1143+
,HO -

2. Crystal growth

5 at.% Tm>*, 0.5 at.% Ho®* (in the melt) codoped Ca(Gd; xLu,)AlO4
(where x = 0.1 or 0.2 corresponds to batches #1 and #2, respectively)
single crystals were grown by the Cz method using an argon atmosphere
in an iridium crucible. An automatic system was employed to control the
boule diameter. The polycrystalline materials were obtained by solid-
state reaction from a mixture of the starting materials, Al;O3, RE2O3
(where RE = Gd, Lu, Tm and Ho) (purity: 5 N) and CaCOj3 (purity: 4 N).
For that, the raw materials taken in stoichiometric composition ac-
cording to the following formula were well mixed, ground and firstly
heated to 1173 K for 12 h (h) to decompose CaCO3 using a platinum
crucible. Once the crucible was cooled down to room temperature, the
obtained mixture was pressed into pellets and again reheated to 1673 K
for 30 h to synthesize polycrystalline materials.

2CaCO5 + 0.05Tmy05 + 0.005H0,05 + ALO3 + xLus03 + (0.945 - x)Gd03
— 2Ca(Gdy 945-,Lu)Tmg gsHog 00sAl104 + 2CO, 1

The synthesized polycrystalline material was placed in an iridium
crucible and melted by an intermediate-frequency heater. A [001]-
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oriented undoped CaGdAlO4 seed was used, the pulling rate varied
from 0.5 to 2 mm/h and the crystal rotation speed was kept at 8-15
revolutions per minute (rpm). Once the growth was completed, the
crystals were removed from the melt and slowly cooled down to room
temperature (RT, 293 K) at a stepped rate of 15-25 K/h. The photo-
graphs of the as-grown crystal boules of Tm,Ho:CALGLO are shown in
Fig. 1(a,c). They have a cylindrical shape with slightly varying cross-
section along the length of the boule (about 3.0 cm). The cross-section
of all the grown boules is rounded, no natural crystal planes are
observed. The as-grown crystals exhibit brown-yellow coloration which
is typical for aluminate crystals [29-31] and is assigned to interstitial
oxygen ions. The crystal boules with high Lu®>* content show some small
cracks at their shoulders. We attribute this to the flat shape of the
shoulders, which causes much larger radiant area during the crystal
growth and cooling process. Though small cracks exist in the crystal, the
samples cut from the crystal are still of high optical quality. The color-
ation is greatly removed by annealing at 950 °C for 24 h under Ny at-
mosphere with 5% Hjy (in oxygen-deficient conditions).

3. Experimental

The concentration of doping ions (Tm®", Ho®' and Lu®") was
measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
using an Agilent® 8800 triple quadrupole ICP-MS analyzer.

The X-ray powder diffraction (XRD) patterns were measured at RT
using a Bruker D2 Phaser diffractometer for diffraction angles 26 in the
range of 10-90° with Cu Kal radiation (1.54056 A).

The crystal density was measured by the buoyancy method at 294 K,
Pmeas = (Mpwater)/(M —m”), where m and m’ is the sample mass in air and
in water, respectively, pwater = 0.998 g/cm3 is the density of water. Each
Pmeas Value was averaged for 3 different samples from the same batch.

For polarized Raman and absorption measurements, rectangular
samples oriented along the crystallographic axes (a, c) were prepared
and polished (all lateral sides), as shown in Fig. 1(b,d). The polarized
Raman spectra were measured using a confocal Raman microscope
(Renishaw inVia) equipped with a x 50 objective, a set of a polarizer, an
analyzer and a A/2 plate, and a cut-on filter. The excitation wavelength
was 514 nm (Ar" ion laser line).

The RT polarized absorption spectra in the range of 300-2200 nm
were measured using a CARY 5000 (Varian) spectrophotometer equip-
ped with a Glan-Taylor polarizer; the resolution (spectral bandwidth,
SBW) was 0.2 nm. The IR transmission spectrum was measured using a
Fourier transform infrared spectrometer (FTIR, model FI/IR 6700,
Jasco).

4. Structural study
4.1. Crystal composition

The results on the concentration of doping ions (Tm>*, Ho®>" and
Lu*") are shown in Table 1. In particular, for batch #1, the actual doping
levels were determined to be 4.48 at.% Tm, 0.54 at.% Ho and 5.51 at.%
Lu corresponding to the stoichiometric chemical formula of CaG-
d0_8947Luo.0551Tm0,0443H00,0054AIO4. The ion densities amounted to
Ntm = 5.54 x 10%° em™ and Ny, = 0.66 x 10%° cm 3.

Let us analyze the segregation coefficients for three rare-earth ions,
Kgg = Cerystal/ Cmelt, Where Cerystal and Cpel¢ are the doping levels in the
crystal and in the raw materials (in the melt), respectively. For Tm>* and
Ho®* ions, they are close to unity, Kty = 0.90 and Ky, = 0.76-1.07 and
for Lu®" ones, Ky = 0.54-0.55 is much smaller. In the parent compound,
CaGdAIO4, the host-forming Ca®" and Gd*" cations statistically occupy
the same type of site (Wyckoff symbol: 4e, site symmetry: C4y, coordi-
nation number (C.N.) by oxygen: IX). It is expected that all the dopant
cations replace for the Gd®" ones. The observed difference in the
segregation coefficients can be understood from the point of view of
mismatch of ionic radii, namely Rty = 1.052 A, Ryo = 1.072 A and Riu
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Fig. 1. (a—d) Photographs of the Tm,Ho:CALGLO single crystals grown by the Czochralski method: (a,c) as-grown crystal boules, (b,d) polished cubic samples
oriented along crystallographic axes; (a,b) 5.5 at.% Lu>", (c,d) 10.8 at.% Lu®" (in the crystal). The full chemical formulas are given in Table 1. The growth direction is

along the [001] axis.

Table 1
Raw and actual compositions of the Tm,Ho:CALGLO crystals grown by the Czochralski method, Krg — segregation coefficient.
Crystal Batch #1 Batch #2
Raw composition
Tm, at.% 5.0 5.0
Ho, at.% 0.5 0.5
Lu, at.% 10.0 20.0

Actual composition
Tm, at.% [cm’3]
Ho, at.% [cm™°]
Ly, at.% [cm 3]
Chemical formula

4.48 [5.54 x 10%]
0.54 [0.66 x 10%°]
5.51 [6.78 x 10%°]

Krm 0.90
Ko 1.07
Ky 0.55

CaGdo.g947Lu10.0551TMo,0448H00.0054A104

4.50 [5.55 x 10%°]

0.38 [0.47 x 10%°]

10.80 [13.3 x 10*]
CaGdo.g432Lu0.1080TMo.0450H00.0038A104
0.90

0.76

0.54

=1.032 A, compared with the larger Rgq = 1.107 A and especially Rg, =
1.180 A [32]. The results are compiled also in Fig. 2 where data on Kgg
for other rare-earth ions in CaGdAlO4 crystals from the literature
[33-38] are added. The data were fitted using the following formula
based on Onuma’s principle [39]: Kgg = Ko — C(Rrg — Rga)® with the
best-fit parameters Ko = 1.1 + 0.1 and C =95 + 5 A2,

In the previous work on the parent CaGdAlOy4 crystals singly doped
by Tm3* and Ho>* ions [18], lower segregation coefficients were re-
ported, namely Kty, = 0.61 and Ky, = 0.66 (the crystal composition was
analyzed by ICP atomic emission spectrometry). It seems that the
addition of Lu®* improves the segregation of Tm®" and Ho®* ions in
CaGdAlO4. We attribute this to much closer ionic radii of Lu®* and the
two above-mentioned dopant cations (as compared to Gd>"). The slight
variation of K1, and Ky, values determined by analyzing crystals grown
from batches #1 and #2 (which is more evident for Ho®>* because of the
low doping level) is mainly due to the error of the IPC-MS method and to
a less extent — to a certain distribution of dopants in the single crystals.

It is known that a solid-solution of isostructural compounds can be
formed if the relative difference between the ionic radii of the host-

forming cation H (Gd3+, in our case) and the dopants D (Lu3+, Tm3+,
H03+, ion our case), expressed by the formula Ar = |(Rp — Ry)/Ru) X
100%, does not exceed 15%. In our case, this parameter is maximum for

Lu®t, Ag = 6.8%, but the above-mentioned condition is still satisfied.
4.2. X-ray diffraction

The measured X-ray powder diffraction (XRD) patterns of the Tm,Ho:
CALGLO crystals are shown in Fig. 3. In the same figure, we show the
theoretical reflections from the Crystallography Open Database (COD)
card #96-722-7258 for undoped CaGdAlO4. The experimental XRD
patterns match well the theoretical ones, indicating a single-phase na-
ture of the material. The crystal structure was refined using the Rietveld
method with the aim of the match! software, as shown in Fig. 4. The
atomic coordinates from Ref. [30] were taken as a starting model for the
Rietveld refinement. The obtained main crystallographic data and the
refinement parameters are listed in Table 2. Tm,Ho:CALGLO crystallizes
in the tetragonal system (sp. gr. D' 4y, - I4/mmm, No. 139) exhibiting a
KoNiF4 type structure. For the crystal growth from the batch #1, the
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Fig. 2. Segregation coefficients of rare-earth ions (RE*") Kgg in CaGdAlO,
crystals vs. their ionic radii for VIX-fold oxygen coordination (C.N. - coordi-
nation number), circles - experimental data (this work and Refs. [33-38]), curve
— their fit according to the Onuma’s principle [39], Krg = Ko — C(Rgg — RGd)2
where Ko=1.1+0.1and C=95+5 A2 (this work).
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Fig. 3. X-ray powder diffraction (XRD) patterns of Tm,Ho:CALGLO crystals,
vertical bars mark theoretical reflections for undoped CaGdAlO, (COD card #96-
722-7258), numbers indicate the Miller’s indices (hkI).

lattice constants a = b = 3.6585 (6) ;\, ¢ =11.9660(9) Io\, the volume of
the unit-cell V = 160.167 A3 (number of the formula units per unit-cell Z
= 2). The calculated crystal density is then peae = 6.010 g/cm>. The
measured density pmeas amounted to 6.02 g/crn3 (batch #1) and 6.08
g/cm® (batch #2), respectively, in agreement with the values calculated
from the XRD data. The obtained lattice constants are slightly smaller
than those for undoped CaGdAlOy4, a = 3.6632(3) Aandc=1 1.998(2) A
[30], because of the smaller ionic radii of the dopant cations as
compared to the host-forming ones.

The reliability factors obtained are listed in Table 2. For the crystal
grown from batch #1, the weighted profile R-factor Ry, = 2.82, the
expected R-factor Rexp = 2.31 and the Chi-squared X2 = (pr/ReXp)2 =
3.33.

During the structure refinement, the fractional atomic coordinates in
specific positions (z coordinates for the Wyckoff positions 4e in the
considered structure) and the isotropic displacement parameters (Bjso)
were optimized, Table 3. The site occupancy for the Wyckoff position 4e
was taken assuming a random distribution of Ca®* and RE>* cations
following the ratio of 1:1. Then, by considering the substitution of Gd**
by RE3* cations (Lu®*, Tm®*, Ho®") according to their actual doping
levels described above, the site occupancy factors (O.F.) were calcu-
lated, Table 3. We have also tried to refine the occupancy factors of the
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Fig. 4. (a,b) Rietveld refinement of the XRD patterns of Tm,Ho:CALGLO crys-
tals: observed (black), calculated (red) and differential (blue) patterns, vertical
dashes — Bragg reflections (green), growth batch: (a) #1 and (b) #2, cf. Table 1.

Table 2
Crystallographic data and Rietveld
crystals.

refinement parameters for Tm,Ho:CALGLO

Parameter Value
System Tetragonal
Space group (IT number) D174h - I4/mmm (No. 139)
Number of formula units Z=2
Point Group 4/mmm
Reduced Number of S.O. 8
General multiplicity 32
Centrosymmetry Centric (—1 at origin)
Calculated density (g/cm3) 6.010 (#1)
6.028 (#2)

Lattice constants a, ¢ (A)

==y (deg)
Volume (A%)

20 range (deg)

20 step

Radiation

No. of reflections
Refinement software
Reliability factors

3.6585 (6), 11.9660 (9) (#1)
3.6592 (4), 11.9689 (1) (#2)
90

160.167 (#1)

160.264 (#2)

12-90

0.02

Cu-Kal (1 = 1.5418 A)

72

match! software

Ry = 2.82, Ryp = 4.22,

Rexp = 2.31 and y* = 3.33 (#1)
R, = 2.57, Ry, = 3.87,

Rexp = 2.31 and y* = 2.80 (#2)

Wyckoff positions 4e (4c) and 2a occupied by O1 (02) and Al atoms,

respectively. This led to the O.F.

values very close to unity.

A fragment of the crystal structure drawn using the VESTA software
according to the determined set of atomic coordinates is shown in Fig. 5.
The corresponding interatomic distances (Al - O, Ca|RE - O and Ca|RE -

Ca|RE) are summarized in Table 4. A

(symmetry: C4y) and they are

13* cations are located in 2a sites

VI-fold oxygen coordinated forming
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Table 3

Refined atomic coordinates (x, y, 2) and isotropic displacement parameters Bis,
determined via Rietveld refinement for Tm,Ho:CALGLO crystals and their esti-
mated standard deviations.

Atoms Site X y 4 O.F. Bisos A?
Batch #1

Ca 4e 172 172 0.1402(0) 0.500 2.089(2)
Gd | Lu 4e 1/2 1/2 0.1402(0) 0.447 | 0.027 2.089(2)
Tm | Ho 4e 1/2 1/2 0.1402(0) 0.022 | 0.002 2.089(2)
Al 2a 0 0 0 1 0.467(8)
o1 4e 1/2 1/2 0.3304(0) 1 1.842(5)
02 4c 0 1/2 0 1 1.863(3)
Batch #2

Ca 4e 172 172 0.1404(0) 0.500 2.362(6)
Gd | Lu 4e 1/2 1/2 0.1404(0) 0.416 | 0.054 2.362(6)
Tm | Ho 4e 1/2 1/2 0.1404(0) 0.027 | 0.001 2.362(6)
Al 2a 0 0 0 1 0.763(9)
o1 4e 1/2 1/2 0.3317(0) 1 2.730(3)
02 4c 0 1/2 0 1 1.980(5)

Fig. 5. Fragment of the structure of a Tm,Ho:CALGLO crystal, black lines mark
the unit-cell, blue polyhedra — [AlOg] and red polyhedra — [Ca|REOq], where
RE = Gd, Lu, Tm or Ho.

Table 4
Selected interatomic distances for Tm,Ho:CALGLO crystals.
Distances Value (A)
Batch #1 Batch #2
Al-0 021.829(2) x 4 02 1.829(6) x 4
01 2.028(4) x 2 01 2.013(6) x 2
CalRE -0 01 2.276(9) x 1 01 2.289(8) x 1
02 2.482(0) x 4 02 2.484(5) x 4
01’ 2.610(6) x 4 01’ 2.608(7) x 4
Ca|RE - Ca|RE 3.355(2) x 1 3.361(8) x 1
3.658(5) x 4 3.659(2) x 4
3.687(5) x 4 3.684(1) x 4

distorted [AlOg] octahedra elongated along the [001] direction. The
distances from Al to two axial O1 atoms are 2.028(4) A and thus longer
than the “ideal” Al-O bond length (1.935 A), whereas the distances to
the four basal O2 atoms are 1.829(2) A and thus shorter than the “ideal”
bond length (here and below, the distances are specified for batch #1),
Fig. 6. The Ca®" | RE3" cations statistically occupy the 4e sites (sym-
metry: C4,) and they are IX-fold oxygen coordinated. There is one
shorter (01, 2.276(9) Z\), four intermediate (02, 2.482(0) A) and four
longer (01’ 3.687(5) 10%) distances in the [Ca|REOg] polyhedra, Fig. 6,
leading to a mono-capped tetragonal anti-prismatic geometry. The
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oxygen atoms are distributed over the 4e (O1) and 4c (02) sites.

The structure of Tm,Ho:CALGLO is determined by a condensed
framework of corner-sharing [AlOg] and [Ca|REOg] polyhedra. They
form infinite layers parallel to the a-b plane. More generally, the
structure of tetragonal (K;NiF4-type) ABCO4 crystals can be divided into
a sequence of layers running along the [001] direction with rock salt (S)
and perovskite (P) structure [40]. In the case of Tm,Ho:CALGLO, the P
and S “phases” comprise REAIO3 and CaO, respectively.

In Fig. 7, we analyze the Al — O interatomic distances in [AlOg]
octahedra for various MM’AlO4 crystals possessing the tetragonal
KoNiF4-type structure [4]. The distances to axial and basal O atoms, as
well as their average values increase with the mean ionic radius of the
M2* and M’3" cations, so that the average distance approaches the
“ideal” value of 1.935 10\, calculated from the ionic radii of VI-fold co-
ordinated AI** (0.535 A) and 0%~ (1.40 A) [32] (typically, the Al - O
distances are invariant [4]). This distortion of the [AlOg] octahedra
occurs as the Al — O2 bond distance is constrained by the unit-cell di-
mensions (both Al and O2 are located in special positions, Table 3),
while the Al - O1 distances are constrained by the lattice constant ¢ and
the variable z atomic coordinate.

The second coordination sphere of Ca%t | RE3* cations is composed
of 9 nearest neighbor 4e sites, Fig. 8. The shortest metal-to-metal Ca|RE
- Ca|RE distance is 3.355(2) A(x 1), observed along the [uv w] = [001]
direction. Other interactions correspond to intermediate distances of
3.658(5) A ( x 4) and longest distances of 3.687(5) A x 4. The origin of
the disorder is the second coordination sphere of RE®* ions, namely the
charge difference between the Ca?t and RE®" cations and the large
difference in the metal-to-metal distances [6]. As only one apical site
corresponds to the shortest Ca|RE — Ca|RE distance, it induces two
families of local environment if it is occupied by Ca®* or RE>* cations.
Each family contains surroundings with different distributions of Ca?*
and RE3" cations over eight remaining 4e sites. This leads to significant
inhomogeneous broadening of the spectral bands of optically active
RE®* cations. The introduction of Lu®* further enhances the disorder,
considering the difference in the ionic radii of Lu>* and Gd®*, which is
expected to cause additional spectral broadening.

It is worth discussing the expected effect of RE>* ions on the spectral
line broadening. One may argue that the addition of optically active
dopants (Tm>* or Ho>") in high concentrations by itself can induce an
additional “compositional” disorder. However, the doping level for both
ions is limited by the detrimental energy-transfer upconversion capable
of preventing the desired laser operation. In the (Tm>*, Ho®>") system, an
optimum codoping ratio Ho/Tm between 1:10 and 1:5 is required to
ensure a unidirectional Tm>" — Ho®" energy-transfer. These spectro-
scopic considerations limit in practice the actual doping levels for both
ions. The Lu®* cations are optically passive and thus do not induce un-
wanted spectroscopic processes. Moreover, the difference in the ionic
radii in the pair Gd*" | Lu" is larger than in the pairs Gd** | Tm®*, Ho®*
which enhances the additional spectral broadening. The drawback is the
lower segregation coefficient for Lu®*.

Let us also discuss the terminological aspect of calling the grown
crystals “mixed”. Strictly speaking, they should be called a substitutional
single-phase solid solution. The term “mixed” crystal exists as a synonym
to solid solution materials, e.g., Aj 4By if there are only two parent
compounds. As explained above, we assume that Tm>" and Ho®" as
dopants hardly affect the spectral broadening, while Lu®* is the cation
aimed to fulfil this task. There is no universal definition for the x
parameter in A; 4By to distinguish the term “doping” from the “mixed”
crystal or solid-solution. From the point of view of optics, the borderline
can be defined as the minimum value inducing a noticeable change on
the spectroscopic properties. As shown in Ref. [41], this condition is
satisfied in the grown crystals, so that the Lu>* doping level is about x =
0.05-0.1, i.e., the compositions Ca(Gdg 9.9.95Lu0.1.0.05)A104 can be taken
as the lower limit of the solid-solution definition.

It is not clear yet what is the upper limit (x) for the existence of such a
solid solution. The single crystal growth of CaLuAlO4 has never been
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Fig. 7. Al - O interatomic distances in [AlOg] octahedra for MM’AlO, crystals
with K,NiF,-type structure versus the mean ionic radius of M** and M">" cat-
ions (the data from the present work and Ref. [4]). Horizontal line - ideal Al - O
distance calculated from the ionic radii of VI-fold coordinated AI** and 0%.

reported in the literature. In Ref. [26], the author attempted to grow
CaLuAlO4 using the standard procedure for CaGdAlO4 resulting in
polycrystalline, fine-grained, needle-like body of orange-red color with
only the cubic LuyOg structure reliably identified. He concluded that
CaLuAlQy, if it exists at all, melts incongruently and the phase re-
lationships in the CaO-Luy03-Al;03 system differ greatly from those for
the Ca0-Gd;,03-Al;03 one.

The stability of ABCO4 crystals can be assessed from the following
considerations. The ionic radii of the A" and B%" cations provide the
information about the deviation from the ideal perovskite lattice (for the
P “phase”). Such a deviation will cause deformations in and between the
P and S “phase” layers. For BCO3 crystals with a perovskite structure, the
so-called Goldschmidt’s tolerance factor t is given by Ref. [42]:

___R(B™) +R(0™)
V2(R(C) + R(07))

It is used to assess the geometric stability and distortion of BCO3
crystal structures in terms of the constituent ionic packing. An ideal
perovskite compounds adopts a cubic close packed structure with t = 1.
When the ratio of the ionic radii deviates from the ideal value (so that t #
1, representing a loosely packed or tightly packed structure in the case of
t <1 andt > 1, respectively), a geometric strain and crystal distortions
arise. With higher deviation from the t = 1 value, the crystal adopts
structures of lower symmetries. Thus, t can be used to estimate the
compatibility of different ions within a crystalline structure and to

@

T

Fig. 8. Second coordination sphere of Tm®>*|Ho®" ions by Ca%*|RE>" cations in
Tm,Ho:CALGLO.

evaluate its geometric strain and stability [43]. Taking into account the
statistical distribution of A" and C3* cations in the tetragonal ABCO4
crystals, we should replace R(B>") by (R(A%") + R(B>"))/2 [26].
Liebald analyzed the stability of various compounds of the ABCO4
family possessing the KoNiF, type structure [26]. Due to the presence of
P layers in the structure, the range of tolerance factors t > 0.9 similar to
free perovskite was assumed. As CaLaAlO4 (t = 0.9494) is unstable [44],
all the t values above 0.95 are considered to correspond to unstable
structures. The lower limit for t is placed by CaNdGdO4 (t = 0.9002)
which is orthorhombic; a certain margin (¢t < 0.92) is assumed. Thus, the
compounds with 0.92 < t < 0.95 are concluded to be most stable. For
CaGdAlO4 and CaYAlOy, t = 0.9295 and 0.9236, respectively, i.e., well
satisfying this condition, while for hypothetically existing CaLuAlO4, t =
0.9157. Lower t values mean a strong distortion in the P-positions par-
allel to the a - b plane of the crystal structure. Since compounds with an
ilmenite (FeTiO3) type structure are formed for very small t values, the
formation of a different crystal structure for ABCO4 compounds with
decreasing t probably represents a reaction of the KoNiF, structure to the



Z. Pan et al.

distortion of the P layers.

From Eq. (1), modified for the case of ABCO4 crystals and the above-
mentioned range for tolerance factors, we estimate the maximum con-
tent of Lu®* in the CaGd; 4LuxAlOy4 solid solution as x = 0.7. While this is
a rough estimation, we expect that stable solid-solutions with Lu®*
content up to few tens of at.% may exist.

4.3. Raman spectroscopy

The factor group analysis [45] for the primitive cell of the D4y
symmetry predicts the following set of irreducible representations at the
center of the Brillouin zone (k = 0): I' = 2A14 + 2Eg + 4Agy + 5Ey + Bay
[46]. Four Raman active modes are all even species involving vibrations
of mainly one type of atoms: A;¢ + Eg modes of Ca|RE and Ag + E; modes
of O; 11 IR-active modes are 3Ay, + 4E,; two modes (A, + E,) are
acoustic and one (Byy) is silent [46,47].

The polarized Raman spectra of the Tm,Ho:CALGLO crystal (batch
#1) are shown in Fig. 9. They were measured using both a-cut and c-cut
samples. In Fig. 9, we use Porto’s notations [48]: m(nk)i, where m and [
are the directions of propagation of the incident and scattered light,
respectively (in our case for the confocal geometry, m = [), and n and k
are the polarization states of the incident and scattered light, respec-
tively. Thus, five spectra were measured, a(nk)a, where n, k = n or 6 and
c(oo)c. The Raman spectra are strongly polarized.

In the spectra taken for a-cut crystals, all the Raman-active modes
should appear: the a(z7)@ geometry selects the Aj; phonons, and in the
a(no)a geometry, the E; modes appear. For the E; geometry, as expected,
only two intense modes at ~154 and 313 cm™' appear [46]. The
low-frequency mode is assigned to Ca|RE vibrations in the a-b plane and
the high-frequency one - to the similar O vibrations. For the a(co)a Ajg
geometry, another band at even higher frequencies with two maxima, at
514 and 542 cm™!, appears and it is assigned to O vibrations. For the
a(zm)a A1g geometry, the spectrum presents the most intense band at
311 cm ! and a weaker band at ~542 cm ™. The band at ~311 cm ™! is
thus assigned to A;g symmetry (Ca|RE vibrations along the c-axis) and
the band with a complex structure (clearly revealed for the a(so)a ge-
ometry) with two maxima at ~514 and 542 em ! —to O vibrations. Note
that the energy of the most intense mode is very different from the case
of the isostructural SrLaAlOy4 crystal for which the two A;; modes are at
222 (very intense) and 512 cm™! (weak). Thus, we identify all 4
Raman-active modes. The bands at ~615 and 650 cm™! are probably
due to defect-induced modes [46].
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Fig. 9. Polarized Raman spectra of a-cut and c-cut Tm,Ho:CALGLO crystals

(batch #1) (Porto’s notations), dexe = 514 nm, numbers — Raman frequencies

in em™.
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5. Optical absorption
5.1. Absorption spectra

The absorption spectra of the Tm,Ho:CALGLO crystal (batch #1)
measured for © and o light polarizations are shown in Fig. 10. The
spectra contain bands assigned to Tm>" dopant ions (the transitions
from the 3Hg ground-state to the excited-states from 3F, to 'Dy), as well
as Ho®" ones (the transitions from the 5Ig ground-state to the excited-
states from °I; to °Hg). In Fig. 10, the assignment of the Ho>" multi-
plets is after [49]. In the UV, the sharp lines at 302-314 nm are due to
optical absorption of the host-forming cations (Gd>", the 85,5 — 6Py 5
transition). The Lu>" ions are optically inactive. In the visible, there is a
broad structureless absorption band spanning from ~300 to 550 nm
underlying the absorption of rare-earth ions. It is related to residual
absorption of color centers.

5.2. Transition intensities of Ho®* ions

The transition intensities of the Tm>* ion in CALGLO crystals have
been already analyzed [28]. In the present work, we focus on the Ho®*
ion. For this, the known absorption due to Tm>* was subtracted from the
spectra shown in Fig. 10. The Judd-Ofelt (J-O) formalism was applied to
electric-dipole (ED) contributions to transition intensities. The contri-
bution of magnetic-dipole (MD) transitions (for AJ =J - J' = 0, +1,
except for J = J’ = 0) was calculated separately within the Russell-Sa-
unders approximation on wave functions of Ho®>" under an assumption
of a free-ion. The set of reduced squared matrix elements U™ was taken
from Ref. [50]. The dispersion curves of CaGdAlO4 reported in Ref. [8]
were used. All the values were considered as polarization-averaged,
<.>= (20 +m)/3.

The absorption oscillator strengths were determined from the
measured absorption spectra using:

12 T T T T T T T
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Fig. 10. Polarized absorption spectra of a Tm,Ho:CALGLO crystal (batch #1)
for n and o light polarizations: (a) near-IR, (b) visible and UV.
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where m, and e are the electron mass and charge, respectively, c is the
speed of light, <I'(JJ')> is the integrated absorption coefficient within
the absorption band and (1) is the “center of gravity” of the absorption
band. The results are shown in Table 5.

In the standard J-O theory, the ED line strengths of the J — J’ tran-
sitions SEP(JJ') are given by Refs. [51,52]:

Sen(@) =Y UMa, (3a)
k=246
UW = ((4f")SLJ||U¥||(4f")S L T Y>. (3b)

Here, U® are the reduced squared matrix elements and Q are the
intensity (J-O) parameters (k = 2, 4, 6).

Let us take into account the possible configuration interaction. If
only the lower-energy excited configuration of the opposite parity (4™
15 d! = 4f°5 d! for Ho®>") contributes to the configuration interaction,
the ED line strengths are [53]:

=Y Y, (4a)

k=2,4,6

SED

calc

Q=1 +2a(E, +E; —2E0)]. (4b)

Here, the intensity parameters (, are the linear functions of energies
(E; and Ey) of the two multiplets involved in the transition J — J', E® is
the mean energy of the 4f" configuration and a ~ 1/(2A), where A has
the meaning of the average energy difference between the 4f" and 415
d! configurations. This approximation is typically referred to as the
modified Judd-Ofelt (mJ-O) theory [53,54]. The ék parameters for the
mJ-O theory are transformed into Qg ones for the standard theory
assuming a high-lying 4f*15 d! excited electronic configuration (i.e., the
energy difference A — oo or, equivalently, @ — 0).

The absorption oscillator strengths are related to the line strengths:

_ 8 (n* + Z)ZSED
3h(2J + 1){A) 9n cale

faeT) )+ 0T, 5

where h is the Planck constant, n is the refractive index of the crystal at
(4) and the superscript “X” stands for the total (ED + MD) value. In the
standard J-O theory, there are three free parameters, (Qa, Q4, Qg), and in
the mJ-O theory, there are four free parameters, (Qa, Q4, Q¢ and ).
Let us discuss in detail the meaning of the intensity parameters. The

Table 5
Experimental and calculated absorption oscillator strengths® for Ho®>" ions in
Tm,Ho:CALGLO crystals.

S1g—25+1L; <>, <T>, <foxp>,  Feales 1070
nm cm'nm 10°° J-0 mJ-O
51, 1935  37.27 2.808 4.459FP ¢ 3.697°0+
0.568MP 0.568MP
5Te 1162  30.34 5.156 3.049%° 2.829%0
515 898 2.03 0.610 0.5855P 0.568EP
5Fs 772 30.75 16.835 12.391%P 11.367%P
585+°F,4 656 13.81 11.327 13.430%P 14.187%P
SF3+°Fo+ Kg+°Gs 544 56.36 62.272 63.291"P+  62.984"P+
0.126MP 0.126MP
5G1s 467 9.81 13.455 16.470%P 16.015"°
5G25+°He+F, 422 13.20 24.592 19.528P 21.247%P
r.m.s. dev. 2.949 3.025

# <A> — “center of gravity” of an absorption band, <I'> — integrated ab-

sorption coefficient, <fex,> and f*calc — experimental and calculated absorption
oscillator strengths, respectively, ED and MD stand for the electric-dipole and
magnetic-dipole contributions, respectively, <> stand for polarization-
averaging, (26 + m)/3.
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electronic states have wavefunctions described by spherical harmonics,
thus having the parity of the angular quantum number. Regardless the
number of electrons (n), all states in the 4f" shell always have a definite
parity. For a free ion, this means that the electric dipole f - f transitions
are parity forbidden. The prohibition by parity on forced ED transitions
is removed in the presence of a noncentrosymmetric perturbing field, e.
g., a crystal field, due to an admixture of states of excited configurations
of opposite parity (e.g., 415 d!) to those of the ground configuration
4f" owing to the odd terms of the crystal field.

The matrix elements of the electric dipole operator are calculated by
considering the crystal field as a first-order perturbation. This calcula-
tion is simplified under the following assumptions: (i) the states of the
ground 4f" configuration are taken as linear combinations of Russell-
Saunders coupled states (the intermediate coupling scheme); (ii) the
ground 4f" and the excited 4"'5 d! configurations are completely
degenerated and the excited configuration is located much higher than
the ground one, so that its effect on all the multiplets of the ground
configuration is identical, (iii) all the Stark sub-levels of the ground
manifold are equally populated and (iv) the local field approximation
applies. In this case, the line strengths of electric dipole f - f transitions
are described by Eq. (3) and the set of intensity parameters () is
identical for all the transitions. Such an assumption describes weak
configuration interaction (WCI) or standard J-O theory.

The intensity parameters () contain the odd-order parameters of
the crystal-field, radial integrals of wavefunctions of the ground 4f" and
perturbing configurations, etc. In principle, it is possible to calculate the
(Qy) parameters ab initio, however, they are usually considered as a set
of phenomenological parameters fitting the experimental absorption
data [55].

The mJ-O theory is accounting for the fact that different multiplets of
the ground configuration have different energies and, consequently,
different energy gaps with respect to the excited configuration of
opposite parity 4f*15 d! (which is considered to be completely degen-
erated). In this case, the intensity parameters should depend on the
energy of the two multiplets involved in the transition, as well as the
average energy gap between the 4f" and 4f*15 d! configurations, as
represented by Eq. (4b).

Note that one of the main assumptions of the standard Judd-Ofelt
theory (the energy gap between the ground configuration 4f" and any
excited configuration is much higher than the energies of the multiplets
involved in the considered transition) is violated for almost all the
trivalent rare-earth ions except of Yb3* and Ce®*. It is especially clear for
higher lying 4f" multiplets. Thus, strictly speaking, the configuration
interaction should be considered for all these ions (including Ho®" ones
studied in the present work). Note that the effect of excited configura-
tions is especially evident for Pr3* ions for which the standard J-O
theory fails to explain the experimental transition intensities. The
explanation of the particular case of Pr3* can be found elsewhere [56].

For the analysis, a total of 8 Ho>" transitions in the CALGLO crystal
were considered. The calculated absorption oscillator strengths are lis-
ted in Table 5. Both the J-O and the mJ-O theories provide close root-
mean-square (r.m.s.) deviations between <fey,> and fzcalc, namely
2.949 and 3.025, respectively. However, the mJ-O theory better de-
scribes the transition to the metastable Ho>" excited-state (517), compare
<fexp> = 2.808 x 10~° with faic = 5.027 x 107® (J-0) and 4.265 x
107° (mJ-0). Thus, it was selected for further analysis.

The obtained intensity parameters are listed in Table 6. For the mJ-O

Table 6
Intensity parameters of Ho>" ions in CALGLO.
Parameter J-O theory mJ-O theory
Q, x 10%°, cm? 8.899 11.221
Q4 x 10%, cm? 11.194 13.586
Qg x 10%°, cm? 3.685 6.048
a x 10% cm - 0.070
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theory, they are Q, = 11.221, Q4 = 13.586 and Qg = 6.048 [1072° cm?]
and a = 0.070 [10_4 cm], and the phenomenological parameter A =1/
(2a) = 14.3 x 10* cm ™! (high-lying excited configuration).

The probabilities of radiative spontaneous transitions for emission
channels J — J' are then determined from the corresponding line
strengths in emission:

o 64ne? n n*+2 2 g
3h(2J + 1)(A)

AL VSR ) AR ). ®)

calc

Using the A¢q1c values, we have further determined the total proba-
bilities of spontaneous radiative transitions from the excited states Aoy,
the corresponding radiative lifetimes 7,,q and the luminescence
branching ratios for the particular emission channels B(JJ'):

1 ,
Trad :E, Where A, = JZAfalc J7); (7a)
Az (T
B(JJ )= M (7b)

tot

The results are shown in Table 7. They are obtained using the mJ-O
theory. For the 51, Ho®* multiplet, 7y,q is 3.32 ms. Considering the re-
sidual difference between the <fexp> and fzcalc values for the 518 - 517
transition in absorption, the upper limit for the estimated radiative
lifetime of the °I, state is 5.04 ms.

Previously, for the Ho:CaGdAlO4 crystal, the following J-O param-
eters were reported: Qp = 3.65, Q4 = 3.79 and Q¢ = 4.17 [1072° em?]
[18] leading to the radiative lifetime of the 517 state of 3.84 ms which
reasonably agrees with our data.

In the present work, the transition intensities for Ho®>" ions were
calculated based on the analysis of directly measured absorption spectra
(a classical approach). For non-transparent materials for which the ab-
sorption data can be unavailable, other approaches are used based on
the analysis of either (i) excitation or diffuse-reflection spectra [57,58],
(ii) luminescence spectra for certain RE>* ions with purely MD transi-
tions [59,60] or even (iii) luminescence decay curves [61].

5.3. IR transmission spectrum

The IR transmission spectrum of a c-cut Tm,Ho:CALGLO crystal
(batch #2) is shown in Fig. 11. The crystal exhibits a relatively broad
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Fig. 11. IR transmission spectrum of a c-cut Tm,Ho:CALGLO crystal
(batch #2).

transparency range (for oxide crystals), the IR absorption edge is found
at 6.7 pm.

The broad transparency range of Tm,Ho:CALGLO crystals extending
far in the IR, as well as their low-phonon-energy behavior leading to
weak non-radiative path for the dopant rare-earth ions make them
interesting for applications in lasers emitting above 2 pm (in the mid-IR
spectral range). Note that originally, these crystals were grown for
exploiting the 3F4 — 3Hg Tm®* and °I; — °Ig Ho®" laser transitions
around 2 pm. Other promising transitions of these ions are Hy — °Hs
(Tm3*, at ~2.3 ym) and °Is — I, (Ho>*, at ~3 pm).

6. Conclusions

To conclude, we explored the formation of substitutional solid-
solutions in the system CaGd;yxLuyAlO4 as laser host materials for
doping with laser-active Tm®* and Ho®" ions. The crystals of Tm,Ho:
CALGLO with Lu®t content up to 10.8 at.% (which is almost twice
higher than in the previous studies for other laser-active rare-earth
dopants) are grown by the Cz method using [001]-oriented seeds from
CaGdAlO,. The segregation coefficients for rare-earth ions (Lu®*, Tm®*
and Ho®') are determined and correlated with their ionic radii

Table 7
Calculated probabilities of spontaneous radiative transitions® of Ho®>* ions in CALGLO (the mJ-O theory).

Emitting state Terminal state <A>, nm A% (3, st BWJJ) Agop 8! Trad, MS

51, 51g 1935 273.0%0442.0MP 1 301.5 3.32

516 5L, 2909 76.95020.4MP 0.137 763.6 1.31
SIg 1162 654.6"° 0.863

55 5 3964 33.9%019.5MP 0.063 584.1 1.46
5L, 1678 364.8"° 0.554
Slg 898 262.9%° 0.383

5L, 55 5507 28.450 1 4.oMP 0.073 452.2 2.21
5T 2305 177.28P 0.391
5L, 1286 198.1P 0.451
51g 772 38.55P 0.085

5Fs 51, 4354 0.55P40.03MP <0.001 13235 0.076
S5 2431 44,2801 0.8MP 0.002
5T 1507 553.7504.2,8MP 0.028
51, 993 268250 0.171
SIg 656 10230%P 0.799

585+°F,4 SFs 3191 57.7%0+6.8MP <0.001 36993 0.021
514 1841 394,950 0.07MP 0.021
S 1380 1125P40.3MP 0.019
Sl 1023 306250 0.078
51, 757 7490%P 0.380
STg 544 24901EP 0.502

a

<A> — mean emission wavelength of the emission band, A% (3 - probability of radiative spontaneous transition, B(JJ") — luminescence branching ratio, Aot

and 7,4 — total probability of radiative spontaneous transitions and the radiative lifetime, respectively, ED and MD stand for the electric-dipole and magnetic-dipole

contributions, respectively.
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suggesting an empirical formula. The Tm,Ho:CALGLO crystals maintain
the tetragonal (KoNiFs-type, sp. gr. I4/mmm) structure. The Rietveld
refinement data include the fractional atomic coordinates and inter-
atomic distances. The first (by oxygen) and second (by Ca2+|RE3+ cat-
ions) coordination spheres of rare-earth sites are described. The low-
phonon-energy vibronic behavior of Tm,Ho:CALGLO crystals is
revealed. The most intense Raman mode is found at 311 cm ™ (assigned
to Ajg symmetry) and the maximum phonon frequency is ~650 em L
The polarized absorption spectra of Tm,Ho:CALGLO crystals are sys-
tematically studied. The Ho®' transition probabilities are described
using the modified Judd-Ofelt (mJ-O) theory accounting for the
configuration interaction.

Future work regarding the growth of rare-earth-doped CALGLO
crystals should focus on exploiting the limit of stability of the CaGd;.
xLUxAlOy4 solution. In the present work, using the Goldschmidt’s toler-
ance factor t modified for the ABCO4 structure, we estimated the upper
limit of stability to be x ~0.7. The introduction of even higher Lu®*
content may greatly promote the spectral broadening for dopant ions
and facilitate their segregation factors (as the difference of ionic radii of
Yb3*|Tm3"|Ho" and Lu®" is smaller as compared with Gd*"). Indeed,
in the present work, the introduction of 10.8 at.% Lu®" resulted in
increased Tm>* segregation coefficient Kt = 0.90, compared with its
value of ~0.6 for the parent compound, CaGdAlO,.
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