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1. Introduction

Proposed by Jan Czochralski method of crystal pulling
from melt in 1918 [1], becomes now one of the most
widely used methods for growth of dielectric and semi-
conductor crystals. Today, after 95 years Czochralski
technique continues to progress and get replenished; the
today’s status of the method is presented in Ref. [2] and
last advances and developments are given in Ref. [3].

The first reported oxide material (CaWO,) was grown
using the Czochralski technique in 1960 [4]. Since then
the many tens of other oxide laser crystals appeared, and
majority of them were growed by Czochralski method.
Extensive collection of papers devoted to laser crystal
growth was published recently in Ref. [5].

The present paper considers some aspects of the
Czochralski growth technology of a number of actual
laser crystals belonging to different structural types.
The primary attention will be given to single crys-
talline compounds and solid solutions with structures of
garnet (LnsMesO12 and {LnSc}s[ScMe]aMe3Oq2, Me =
Al, Ga), olivine (forsterite MgySiO4) and scheelite
(double tungstates and molybdates with general for-
mula Naln(TQy4)s, where Ln = Y, Bi, La, Gd, Lu;
T = Mo or W).

Crystals belonging to all above mentioned structural
types are essentially different in physico-chemical prop-
erties that is necessary to take into account at develop-
ment of technology of their growing [6, 7]. They are also
different in the structure, cations arrangement as well as
in symmetry and coordination of crystallographic sites
which offers the possibility to incorporate quite various
dopants [8].
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However, one important feature pools them together.
There is a broadband absorption and fluorescence. Use
of laser materials with broadband fluorescence gives the
possibility to create the tunable solid-state lasers and
lasers emitting ultra-short pulses in mode-locking regime.
On the other hand, the broad absorption band results
in essential enhancement of overall efficiency of diode-
-pumped solid state lasers, since the power consumption
of diode coolers for temperature control of laser diode
wavelength now is not required, because the temperature-
-induced fluctuations of the radiation wavelength of the
pumping diode become noncritical.

The materials under study demonstrate the broad ab-
sorption and fluorescence due to the different reasons.
In case of doping by transition metal ions (in particu-
lar, chromium-doped forsterite and garnets) the broad
and intensive absorption and fluorescence bands arise
from vibronic transitions of particular ion in the laser
medium. Another reason is in case of garnets and scheel-
ites doped by rare-earth ions. This is the structural
disorder originating from the isomorphic substitution.
The large isomorphic capacity and possibility of incor-
poration of high concentrations of neodymium and other
rare-earth ions without substantial quenching are the at-
tractive features of both of these structures. Statistical
(or quasi-statistical) distribution of ions of different type
among identical crystallographic sites produces a partial
structural disorder in such materials that leads to in-
homogeneous broadening of spectral lines of rare-earth
activators. Wide ranges of homogeneity in garnets and
scheelites easily allow to vary the structural disorder and
create the desirable disordered crystalline media. Growth
of crystals of solid solutions give the additional possibil-
ities in this respect.

Growth of crystals by the Czochralski method offered
the possibility to vary in wide range the conditions of
growth (oxidizing-reducing character of ambient atmo-
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sphere, temperature gradients, stirring in melt, etc.).
The paper considers the problems of growing of large
crystals, with uniform distribution of components and
dopants along and across the crystal. There are discussed
such aspects of problem of composition constancy as de-
termination of congruently melting composition, mutual
influence of components and dopants, redistribution of
ions along crystallographically non-equivalent positions
in the structure etc. Influence of above-mentioned factors
on spectral-luminescent characteristics and defect forma-
tion in crystals are discussed.

Further improvement of crystal quality and intensifi-
cation of growth kinetics brings the use in growth tech-
nology the phenomenon of vibrational convection [9, 10]
arising in the liquid under applied to the growth sys-
tem the axial low-frequency vibrations of small ampli-
tude. The controlled axial vibrations in the growth sys-
tem efficiently affect distribution of the temperature and
composition in liquid near front of crystallization, as well
as on the shape of the interface. They can also drasti-
cally affect surface tension driven flows (the Marangoni
convection) and smooth or completely eliminate temper-
ature fluctuations at the interface resulting in essential
reduction of intensity of growth striation leading to ob-
taining the crystals of high perfection.

2. Rare-earth scandium garnets

The first publications devoted to rare-earth scandium
garnets (RESG) appeared rather long ago, however, these
laser crystals remain actual matter today due to their re-
markable spectral-luminescent and laser properties. Rep-
resentatives of RESG are included in a short list of laser
crystals used in practice nowadays. Commercial produc-
tion of RESG single crystals continues today (see, for
instance, [11]), novel efficient diode-pumped lasers emit-
ting on practically important wavelengths [12, 13|, as
well as high-average power femtosecond lasers are de-
veloping on their base [14, 15]; more and more widely
RESG solid state lasers are used in medicine [16, 17].
Recently a new interest got scandium garnets in connec-
tion with development of transparent ceramics technol-
ogy and creation of efficient ceramic lasers [18, 19] and
white-emitting diodes, scintillators [20, 21] using the dif-
ferent RESG compounds.

Multicomponent systems possessing several non-
-equivalent crystallographic sites often demonstrate
rather complicated isomorphism. The distinctive feature
of RESG consists in complex scandium isomorphism in
these compounds. The regularities of isomorphic substi-
tution of scandium in RESG are connected with the fact
that scandium oxide forms wide fields of solid solutions
with both aluminum and gallium oxides, as well as with
rare-earth oxides. RESG are complex non-stoichiometric
compounds in which two of three sublattices are jointly
occupied by cations of different kinds. The real scheme
of the substitution can be represented by the structural
formula suggested in [22, 23]: {Lns_,Sc,} [Sca—, Mey]
(Me3)O12 where Ln denotes a rare-earth element and Me
gallium or aluminum; the braces indicate dodecahedral

sites, the brackets octahedral sites and the parentheses
tetrahedral sites.

Redistribution of Sc3t on sublattices of garnet struc-
ture depends on initial garnet composition, in particular
on Sc3* concentration, as well as on temperature. The al-
teration of initial content of scandium essentially changes
its distribution on crystallographic nonequivalent sites of
the lattice. At small concentrations scandium ions oc-
cupy only octahedral sites in RESG. The increase of ini-
tial Sc3* content leads to the entry of scandium also into
dodecahedral sites that results in the break of straight-
forward dependence of lattice parameter on crystal com-
position [24]. The replacement by scandium a part of the
rare-earth ions in the dodecahedral sites leads to main-
taining in this way a necessary average size proportion of
coordination polyhedra in the structure.

The increase of temperature leading to general exten-
sion of the lattice and increase of effective sizes of coor-
dination polyhedra causes the partial transition of Sc3+
ions from dodecahedral sites to octahedral ones, the so-
-called C — A transition [22]. Such cation redistribution
is thermally reversible and this process becomes easier in
the presence of oxygen and cation vacancies.

The dependence of positional redistribution of scan-
dium on the composition is demonstrated by congruently
melting compositions of RESG, which are presented in
Table I. It is seen that the congruently melting compo-
sitions of RESG, indicating the structural disorder, are
quite different from stoichiometric ones that is unlike to
YAG as well as to GGG. The data demonstrate that with
the change of initial composition of garnet both the to-
tal content of Sc®* in RESG, and the grade of filling of
octahedral sites by scandium as well as quantity of its
entry in dodecahedral sites of garnet structure change.
The type of cations occupying the tetrahedral and do-
decahedral sublattices renders the substantial influence
on these processes.

It should be stressed that the congruently melting com-
position which was determined for nominally pure multi-
component compound cannot always be used for growth
of uniform crystals containing the dopant. Due to influ-
ence of dopants on composition it must be shifted to so-
-called “optimum composition” to be able to grow crystal
with only slightly changed concentrations of components
(and dopants) along the boule. In particular, the pres-
ence of Cr3* ions in the GSGG charge even in such small
concentration as 0.63 at.% causes the significant changes:
increase of Sc-content for about 20% in addition with in-
corporation of Sc into dodecahedra (Gd-sites) [7].

For preparation of RESG solid solutions the origi-
nal procedure was used. The individual ternary gar-
nets (GSGG, YSGG and GSAG) with compositions cor-
responding to congruently melting composition (CMC)
points were used as components. We found that the char-
acter of melting of obtained solid solutions appeared to
be close to congruent in a full range of mixtures (see
Fig. 1). Distribution coefficients of the main components
as well as chromium and rare-earth dopants were close
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to unity. The thermal conductivity of scandium garnet
mixtures remains at the same level as for initial compo-
nents [25]. By selection on RESG mixture composition
it is possible to adjust the spectroscopic parameters of
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active medium. For instance, in case of Nd3* it is easy
to get variable lasing wavelength of mixtured RESG in
the range from 10585 to 10612 A [26].

TABLE I

Congruently melting compositions (CMC), scandium content in octahedral sites

and distribution coefficients of Cr®*" and Nd*T ions in garnets.

Garnet CMC Scoct [%] Koy Knd
GSGG {Gd2,95500,05}[SC1,85Ga0,15](Ga3)012 93 1.0 0.7
GSAG {Gd2.88Sco.12}[Sc1.77Alp.23] (Al3)O12 88 1.1 0.6
YSGG {Y2.93S¢c0.07 }[Sc1.36 Gao.64](Gas)O12 68 1.4 0.6
YSAG not found var 1.6—2.1" | 0.2—0.3"
YAG {Yg}[Yo_ogAll,ggl(Al3)012 — 2.4 0.18
GGG {Gdg}[Gdo,05Ga1‘95](Gag)012 - 3.3 0.63

* depending on the composition
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Fig. 1. Lattice parameters (a) and densities (d) of

GSGG;GSAG;_,; mixed single crystals depending on
composition of the melt. a- and d-lines connect the
corresponding values of GSAG and GSGG congruent
melting compositions.

RESG crystals were grown by the Czochralski tech-
nique with (111)- and (100)-oriented seed crystals from
iridium cruicibles of 40 and 80 mm diameter. Initial
oxides of 5N purity preliminary calcined and taken in
proper proportion are mixed and pressed in tablets of
crucible size. Preliminary synthesis of the charge is per-
formed before filling of the crucible which is a necessary
procedure in case of scandium-gallium garnets in order
to bind aggressive GasO3 into complex compounds (gar-
net, perovskite). Growth conditions were characterized
by an ambient atmosphere of Ny + 0.5-2 vol.% O, for
Ga-content crystals. Slightly oxidized atmosphere allows
minimizing gallium oxide evaporation and iridium losses.
Nitrogen atmosphere containing about 0.1 vol.% of Oq
was used for growing of the aluminum garnets. Rota-
tion rates were in the range of 10-30 rpm, and pulling
rates were 1.5-3 mm/h depending on the composition
and dopant concentrations. Knowledge of true congru-
ently melting compositions together with large distribu-
tion coefficients of dopants (Ln** and Cr**), which are
close to the unity (see Table I) allow to grow RESG

with rather high pulling rates and give a real possibil-
ity to grow doped crystals with flat interface. The large
laser crystals, up to 40 mm diameter, 120 mm length,
and more than 1 kg in weight, were grown with a flat
solid-liquid interface. The crystal-diameter-to-crucible-
-diameter ratio was up to 0.4-0.6, and the crystallized
melt fraction up to 60%.

The scandium isomorphism in RESG considerably in-
fluences the crystal growth, since scandium garnets pos-
sess wide range of homogeneity at rather flat liquidus. In
this connection, the temperature oscillations at the inter-
face can cause substantial variations of the crystallized
composition that appear as formation of growth stria-
tions with changing of the content of both the main com-
ponents and the dopants. The growth striations in their
turn lead to the undesirable local variations of refraction
index. At the laser operation the laser beam quality de-
teriorates because of scattering on these inhomogeneities.

Due to smaller thermal conductivity of the solid and
smaller viscosity of the melt ScGa-garnets can much more
easily be grown with flat interface in comparison with
ScAl-garnets [25, 27]. At the same time, in more viscous
melts containing aluminium oxide owing to disturbance
due to crystal rotation the temperature oscillations easily
occur and, as a result, more pronounced local variations
of the composition take place.

The insertion of chromium into RESG increases the
absorption capability of the medium by an order of mag-
nitude greater or more in comparison with ordinary laser
materials due to formation of strong absorption bands
of Cr3*. Usually, the average absorption coefficient in
the visible and near IR-region of spectrum for these
crystals lies in the region from 3 to 12 cm™! depend-
ing on chromium concentration. For comparison the
same absorption coefficient for Nd:YAG is equal to about
0.2 cm~!. Such substantial rise of the absorption capac-
ity of the medium considerably decreases the heat re-
moval by radiation from the interface during the growth.



Growth of Oxide Laser Crystals by Czochralski Method 277

This leads to the decrease of temperature gradients in
the melt near the interface that in its turn affects the
stability of the crystal growth and causes difficulties in
the maintenance of the constant diameter of the crystal.

The additional absorption becomes even stronger and
instabilities during the growth correspondingly increase,
when the changing of charge state of a part of Cr3* ions
takes place and tetrahedrally coordinated Cr** ions are
created due to the presence of two-valent impurities like
Ca?t, Mg?™T, etc. in the melt. In this connection for the
growing of high-quality crystals the automation of growth
process is the necessary element of technology.

Insertion of optically inactive ions can cause the change
of charge state of activator ion as it is in chromium-
-content garnets co-doped with Me?T ions. Study of
interaction of calcium and chromium in gadolinium—
scandium-aluminum garnet (GSAG) show [28] that ef-
fective distribution coefficient of Cr** {K(Cr**)} consid-
erably depends on Ca/Cr ratio in the melt. Initial cal-
cium concentration had been varied from 6 x 10*7 cm =3
to 1 x 102° cm =3 and chromium concentration — from
5x 10" em™3 to 3 x 1020 cm 3. At low Ca?* initial con-
centration (Ca/Cr = 0.05) distribution coefficient of Cr**
determined from absorption spectra was very low (0.08)
and K(Cr*") increased along with enhancement of Ca
amount until about 0.3 at Ca/Cr = 2.0. At the same
time distribution coefficient of total chromium which was
measured by microprobe analysis reduced from 1.5 to 1.3.
The influence of calcium content and Ca/Cr ratio on
chromium lifetime in GSAG crystals have been found.
When ratio Ca/Cr increases, the fluorescence decay time
of Cr** (as well as Cr3*) considerably reduces. In fact,
at Ca/Cr = 2.0 the Cr** lifetime in GSAG is equal to
2.6 ps that is twice as low in comparison with crystal
which had concentration ratio Ca/Cr = 0.05.

3. Forsterite

Forsterite, magnesium orthosilicate Mg>SiO,4, has or-
thorhombic structure (space group Pbnm) and belongs to
the group of olivine, which is one of the most important
rock-forming mineral. Forsterite has been widely used in
refractory engineering, and in the chromium-doped form
it is the known laser material. Great interest in forsterite
doped with chromium arose when the tunable lasing in
the near IR range was obtained on tetravalent chromium
ions [29]. A new laser material has been synthesized in
the form of forsterite crystals with active centers, i.e., as-
sociates of chromium and lithium ions, on which the tun-
able laser generation has been achieved in a new spectral
range of =~ 1 pm [30].

It is known that chromium can occur in synthetic
forsterite crystals in different valence states, such as
Cr?t, Cr3t, and Cr*t. Divalent and trivalent chromium
ions substitute for magnesium ions and can be located in
two structurally nonequivalent octahedral positions M1
and M2. Experimental observations have revealed that
trivalent chromium ions can exist not only in the iso-
lated form but also as associates with magnesium vacan-
cies [31, 32]. Tetravalent chromium ions substitute for

silicon ions in tetrahedral sites. The ratio between dif-
ferent chromium species can be altered depending on the
growth conditions. However, the content of chromium
ions in forsterite is usually not very high: it amounts
to several hundredths of a weight percent for tetravalent
chromium and does not exceed several tens of a weight
percent for trivalent chromium.

The important task to be solved for forsterite crys-
tal growth is increase of concentration of the laser cen-
ters and purposeful change of ratio between different
chromium species. In order to increase the efficiency of
Cr** forsterite lasers, it is necessary to minimize the con-
centration of other ions, because the absorption and lu-
minescence bands for mixed-valence chromium ions are
partially overlapped with each other, which results in a
decrease in the laser efficiency.

Growth of forsterite laser crystals by the Czochralski
method and related problems we studied in a number
of papers [33-39]. The forsterite single crystals were
grown by the Czochralski method from iridium crucibles
with RF heating at inert or slightly oxidizing atmosphere
(N2/Ar inert gas with 1 + 2 vol.% of Oz). Pulling/rota-
tion rates were usually 2-4 mm/h, and 10-30 rpm, re-
spectively. A charge of stoichiometric composition was
prepared from MgO and SiOs of extra-pure grade. The
oxides had been preliminarily calcined at 700°C during
8 h, mixed, pressed into the tablets and fired again at
1050 °C during 30 h. The required amount of CryO3 and
other dopants were added into the crucible directly be-
fore the growth process. All the crystals were grown on
seeds oriented along the a axis (Pbnm notation). In order
to avoid cracks formation, after a growth-run the crys-
tal should be cooled down to room temperature with the
rate 50-100°C/h depending on the size of grown boule.

Forsterite has strictly stoichiometric composition with
very narrow MgO-SiOs homogeneity field. Thus, thor-
ough control of MgO:SiOs ratio in the charge is re-
quired [40]. The composition of crystals grown from the
charge of stoichiometric composition and with an excess
of MgO (up to 2 wt%) or SiOy (up to 2.0 wt%) was in-
vestigated using electron probe microanalysis. However,
we did not reveal an excess of magnesium or silicon in
single-phase forsterite crystals; this excess was observed
only in the form of second phases that were precipitated
in the case of a strong deviation of the composition of
the initial charge from the stoichiometric composition.

3.1. The dependence of K¢y on chromium concentration

The series of crystals with different content of
chromium in the melt (from 0.01 to 1.4 wt%) was grown
with fixed Po, in the growth atmosphere ~ 2.2+0.1 kPa
for study of influence of doping level on distribution co-
efficient of chromium (Kcy).

The results of experimental determination of K¢, de-
pendence on Cp, are shown in Fig. 2a. The distri-
bution coefficient was obtained by extrapolation of the
plot Cs/Ch,, versus g to the starting crystallization point
(9 = 0). For a better representation of the behavior of
chromium in the low concentration range, the chromium
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content in the melt is given on a logarithmic scale. It
can be seen that, in the range of the lowest concentra-
tions of chromium, it is most effectively incorporated into
the crystal. The observed phenomenon is explained by
the interaction of impurities with intrinsic defects of the
crystal, which is called as the microimpurity trapping
effect [41]. Figure 2a indicates that the K¢, can be con-
sidered as fixed only for Cr, < 0.1-0.2 wt%. With a
further increase in the impurity content in the melt, the
value of K¢, decreases. The K¢, decreases more than by
factor of 3 in the investigated range of concentration.
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Fig. 2. Dependences of chromium distribution coeffi-
cient of forsterite (a) and the content of chromium in
the crystal on its concentration in the melt (b).

Figure 2b shows the changes observed in the chromium
content in the crystal Cg(Cr) with variation in the
chromium concentration in the melt. The solid line in
Fig. 2b represents the dependence of Cs(Cr) on Cp,(Cr),
which should be expected at a constant coefficient of
chromium distribution between the crystal and the melt
of forsterite (K¢y = 0.21). The real correlation between
Cs(Cr) and C10(Cr) (which determine coefficient of Cr
distribution between crystal and melt) significantly de-
viates from the linear dependence. Chromium concen-
tration in crystal is significantly lower than the value
expected at the constant K¢, and the difference rises
with increasing Cro(Cr). As is seen from Fig. 2b the
maximum solubility of chromium in the grown crystals
is 0.1 wt%. This crystal was grown from the melt with
chromium concentration 1.4 wt%.

The changes in the concentrations of chromium species
with different valences [38] are similar in character to
the dependences of the concentration of total chromium
content in the crystal on its content in the melt (Fig. 2b).

3.2. The dependences of K¢y on Po,

The total concentration of chromium in forsterite crys-
tals is low, does not exceed 0.1 wt%, and, as a rule, it

is equal to several hundredths of a weight percent [38].
The content of Cr*t ions which are active laser centers is
considerably lower and, most likely, does not exceed sev-
eral thousandths of a weight percent. In this respect, the
search for ways of increasing the concentration of active
centers is an important problem.

In a number of works [42—44], in order to provide maxi-
mum amounts of Cr** ions, crystals were grown at maxi-
mum oxygen content in the growth atmosphere up to the
use of pure oxygen at a pressure as high as 4 atm. How-
ever, the results obtained were evaluated contradictorily.
Higuchi et al. [42] showed that the use of pure oxygen
allows one to increase the content of Cr*t centers. Ac-
cording to [44], an increase in the oxygen concentration in
the growth atmosphere from 20 to 100% almost does not
change the fraction of Cr?* ions in the total chromium
content. Our estimates obtained for the absolute content
of Cr** ions from the experimental data taken from [44]
indicate that, for the same initial chromium concentra-
tion in the melt, the absolute concentration of Cr*t ions
in the crystals grown at oxygen content of 20% can be
even higher (2.5 x 1073 wt%) than that in the crystals
prepared in the pure oxygen atmosphere (9 x 10~% wt%)
(see [45]).

We investigated the influence of redox conditions on
the content of Cr*+, Cr®>+ and Cr?* centers in the crys-
tal as well as on the incorporation of total chromium
into the crystal during the growth. The series of crystals
was grown with different redox conditions (10 < Po, <
12 kPa) and with fixed concentration of chromium in the
melt (0.13 £ 0.2 wt%) for study of influence of Po,.
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Fig. 3. Dependences of the chromium distribution

coefficient between the crystal and the melt of
forsterite (a), the content of trivalent chromium (b),
tetravalent chromium (c) and divalent chromium (d) in
the forsterite crystals on the oxygen partial pressure in
the growth atmosphere. Numbers near the arrows indi-
cate the oxygen partial pressures.

Figure 3a shows the dependence of the chromium dis-
tribution coeflicient between the crystal and the melt of
forsterite upon the oxygen partial pressure in the growth
atmosphere. This dependence reflects the behavior of all
chromium forms with different valences at crystallization
from the melt. It should be emphasized that point in
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Fig. 3a, corresponding to Pp, = 0.01 kPa, represents
the average value of K¢, for six samples prepared under
these redox conditions. It can be seen from this figure
that the chromium distribution coefficient decreases by
a factor of ~ 2 with an increase in Pp, in the oxygen
partial pressure range under investigation.

The dependence of the concentration of Cr3* centers
on the oxygen partial pressure is plotted in Fig. 3b. The
concentration of Cr®* centers was evaluated [37] from the
intensity of the spectral absorption band with a maxi-
mum at 460 nm (polarization E || b), which is associated
with these centers. It can be seen from Fig. 3b that the
content of Cr3T centers decreases with an increase of the
oxygen partial pressure in the particular range and nicely
correlates with a variation in the chromium distribution
coefficient. The concentration of Cr3t ions decreases by
a factor of ~ 3 over the entire range of oxygen partial
pressures; in this case, the main changes (=~ 2.5 times)
correspond to the oxygen partial pressure range 0.85—
12.00 kPa.

The Cr** ions behave in a different manner. The de-
pendence of the concentration of Cr** centers on the oxy-
gen partial pressure is shown in Fig. 3c. The concentra-
tion of Cr** centers in forsterite crystals was evaluated
[37] from the intensity of the absorption band at 1085 nm
(polarization F || b), which is associated with these cen-
ters. The data at Po, = 0.01 kPa were averaged for
seven crystals grown under these conditions. It can be
seen from Fig. 3c that in the range of low oxygen partial
pressures (0.01 kPa) the concentration of Cr** centers is
relatively low. As the oxygen partial pressure increases
to 0.85 kPa, the concentration of Cr** centers increases
by a factor of &~ 10. A further increase in the oxygen
partial pressure in the growth atmosphere does not lead
to changes in the concentration of Cr** ions that exceed
the spread in the experimental data.

The relative concentration of Cr*t ions in the range
of variations in the oxygen partial pressure in growth at-
mosphere from 0.03 to 0.78 kPa was determined from
the EPR spectra measured in the X band [39]. The re-
sults obtained in this study demonstrate that the jump in
the Cr** concentration occurs in a considerably narrower
range than 0.01 < Pp, < 0.85 kPa and is completed be-
fore the oxygen partial pressure reaches 0.09 kPa.

The relative concentration of Cr?t ions was deter-
mined from the EPR spectra measured on a high-
-frequency tunable EPR spectrometer in the frequency
range from 205 to 245 GHz at temperature 4.2 K [39].
The dependences of the relative concentration of divalent
chromium ions in the samples on the partial pressure of
oxygen in the growth atmosphere are shown in Fig. 3d.
Two transitions are observed for the Cr?T(M1) impurity
centers, and the relative concentration of these centers
in the samples is determined by the averaging over the
integrated intensities of these two transitions with cor-
rections made for their reduced probabilities. It can be
seen that, when the partial pressure of oxygen changes in
the range from 0.03 to 0.09 kPa, the concentration of the

Cr?t ions dramatically decreases, after which its value
reaches saturation and is stabilized.

These results demonstrate that the presence of small
amounts of oxygen in the atmosphere during the growth
of forsterite single crystals doped with chromium signif-
icantly affects the concentration of divalent and tetrava-
lent chromium ions. Concentration of Cr?* ions at
Po, > 0.09 kPa is stabilized and does not grow any-
more with increase of oxygen partial pressure. Neverthe-
less, the fraction of these ions in the total chromium con-
tent considerably increases because of the concentration
of Cr?* and Cr®* ions decrease with an increase in Po,.
It has to be pointed out that the last process is accom-
panied with simultaneous reduction of K¢, (Fig. 3a).

The valence state of chromium impurities in the
forsterite melt is not known. Ions Cr?*, Cr3t, and Cr+
were revealed in a number of silicate melts [46]. Presence
of tetravalent chromium in the material is not typical
for silicate melts. It seems likely that the overcoming of
some barrier with respect to the oxygen concentration in
the forsterite matrix is a key factor responsible for Cr*+
appearance in the crystals. It can be assumed that the
formation of Cr**t ions in forsterite crystals is a result
of the oxidation of more reduced species. In our recent
work [37], the mechanisms of formation of Cr** centers
in forsterite crystals are discussed in the context of chem-
istry of defects. A model has been proposed according
to which the intrinsic defects, formed under conditions
of a relative excess of oxygen compared to stoichiometry
(silicon vacancies and holes), results in “self-oxidation”
of a part of Cr®t, i.e. change of its valence to Cr**
with simultaneous transition from octahedral sites to the
tetrahedral ones [37]. It is quite probable that divalent
chromium is a source providing the formation of tetrava-
lent chromium ions (Fig. 3c and d). Possibly that the
oxidation of Cr?* ions occurs in two stages: first, to the
trivalent state and, then, to the tetravalent state.

The experimental data indicate that, in the crystals
prepared at low oxygen partial pressures, the number
of Cr** centers is small. The drastic increase in the
concentration of Cr*t centers is observed in the crys-
tals grown at oxygen partial pressures in the range from
0.01 to 0.09 kPa. We can assume that this range involves
the oxygen partial pressure corresponding to the exact
cation—anion stoichiometric ratio. A further increase in
the oxygen partial pressure in the crystal growth atmo-
sphere above 0.09 kPa does not lead to noticeable changes
in the concentration of Cr**t centers. This can be associ-
ated with the fact that a substantial excess of oxygen as
compared to the stoichiometric composition cannot be
produced in the forsterite crystals due to the necessity
to form energetically unfavorable defects in the crystals,
such as silicon vacancies. The oxygen capacity of the
forsterite structure rapidly reaches saturation and does
not increase with a further increase in the oxygen partial
pressure. In this respect, we can believe that Crt cen-
ters could play as indicator that determines the oxygen
stoichiometry of the forsterite.
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3.3. Mutual influence of dopants

The additional admixtures are a powerful factor chang-
ing the properties of chromium-forsterite. The chromium
solubility in forsterite depends upon the addition of im-
purities that introduce an excess positive charge (for ex-
ample, for scandium) or an excess negative charge (for
example, for lithium) substituting the magnesium ions
into the matrix. The influence of these impurities takes
place in the concentration range where they make a dom-
inant contribution to the electroneutrality condition [47].
Apart from the relation through the electroneutrality
condition, the interaction of impurities occurs as a result
of the formation of associates between atoms of different
types or impurity ions and intrinsic defects of the crystal.

For detailed investigation of influence of co-dopants
with different charge on chromium-forsterite two series of
crystals with varying contents of scandium and lithium,
namely, the “scandium” and “lithium” series were grown.
In the scandium series of crystals, the initial chromium
content in the melt was equal to 0.25 wt%, and the
scandium content was varied in the range from 0.07 to
2.17 wt%. The crystallization was performed at an oxy-
gen partial pressure of ~ 2.3 kPa, which is favorable for
tetravalent chromium ions.

In the lithium series of crystals, the initial chromium
content in the melt was equal to approximately 0.06 wt%,
and the lithium content was varied in the range from 0.01
to 0.42 wt%. Since it was assumed that lithium could
increase the concentration of trivalent chromium ions,
the crystals of this series were grown under the conditions
favorable for trivalent chromium formation at an oxygen
partial pressure of 10 Pa.

Admixtures distinctly affect chromium insertion into
the crystal. Figure 4 shows the change in the chromium
distribution coefficient in forsterite in the case of simul-
taneous doping with scandium (Fig. 4a) and lithium
(Fig. 4b). The initial values of K¢, in the plots for
crystals without additional impurities are different be-
cause of the dependence of K¢, on Pp,. Crystals of
both MgsSiO4:Cr:Sc and MgsSiO,4:Cr:Li exhibit drastic
changes in K¢, upon doping with small amounts of the
additional impurity. In this case, scandium decreases
the chromium solubility, whereas lithium increases it. At
scandium concentration of 0.14 wt%, the chromium dis-
tribution coefficient decreases by a factor of three com-
pared to the value of K¢, in the absence of scandium and
then remains unchanged. As the lithium content Cf,(Li)
increases to 0.04 wt%, the coefficient of chromium distri-
bution between the crystal and the melt increases by a
factor of 1.5 compared to the initial value of K¢,. With
a further increase in the lithium content above 0.04 wt%,
the coefficient of chromium distribution between the crys-
tal and the melt remains unchanged.

The admixtures considerably influence on structural
localization and charge state of chromium in forsterite,
they change the mechanism of charge compensation. The
additional admixtures can result in formation of spe-
cific chromium cluster centers that substantially change
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Fig. 4. Dependences of the chromium distribution co-

efficient of forsterite on the concentrations of scandium
(a) and lithium (b) impurities additionally introduced
into the melt.

the spectral-luminescent properties of crystals. Study by
electron paramagnetic resonance spectroscopy shows the
processes occurring during the simultaneous doping of
MgoSiO4:Cr crystals with other impurities more in de-
tail. EPR data [35, 48] supported by optical spectroscopy
investigations [35, 48, 49] has revealed that co-doping by
Sc3t and LiT starting from their trace contents leads to
considerable transformation of chromium centers.

In crystals grown without co-doping, approximately
half of the trivalent chromium ions are associated with
magnesium vacancies. The addition of lithium leads to
the destruction of these associates, an increase in the
concentration of individual Cr3* centers, and the forma-
tion of lithium associates with trivalent chromium ions.
The conditions for the formation of associates of trivalent
chromium ions with lithium ions are optimal when the
crystal contains approximately identical amounts of Cr3+
and Li" ions. Doping with lithium increases the concen-
tration of Cr®* ions and, thus, decreases the fraction of
Cr?* and Cr*t ions in the total content of chromium
centers.

In the case of scandium co-doping there were demon-
strated [38, 48] a decrease in the concentration of the in-
dividual centers Cry};; and Cr};,, associates of the Cry,
centers with magnesium vacancies, and the Crg; centers,
which is accompanied by the simultaneous formation of
mixed associates of chromium and scandium with mag-
nesium vacancies of the type (Cryi vz Scewi) ™.

It should be noted that, in the range of low scandium
concentrations, a drastic decrease is observed for both
the trivalent and tetravalent chromium contents. A de-
crease in the concentration of “uncharged” Crg; ions upon
doping with scandium can be explained in the frame-
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work of the model describing the formation of tetrava-
lent chromium ions in the process of self-oxidation of the
Cr}y, ions [37].

Although the initial chromium content in the melt of
the scandium series was substantially higher than that of
the lithium series (0.25 and 0.06 wt%, respectively), the
change in the behavior of the concentration dependences
characterizing the chromium centers, in both cases, is ob-
served in the range of microconcentrations of the addi-
tionally introduced impurity of the order of 10~ atomic
fractions. The observed phenomenon is explained by the
interaction of impurities with intrinsic defects of the crys-
tal [38]. The solubility of impurity atoms in the charged
form abruptly changes at the point where their concen-
tration becomes higher than the concentration of pre-
dominant intrinsic defects.

The optically inactive lithium impurity substantially
affects the spectral and luminescence properties of the
MgoSiO4:Cr crystals. The broad band luminescence of
trivalent chromium ions in forsterite crystals exhibits a
maximum at A = 850-900 nm depending on the po-
larization [50]. Upon additional doping with lithium,
this band rapidly weakens and, when the lithium con-
tent reaches Cp,(Li) = (3-5) x 1072 wt%, completely dis-
appears; therefore, it can be identified with chromium-—
vacancy associates [49]. After the disappearance of the
luminescence with a maximum in the range 850-900 nim,
there arise bands attributed to the (Cryy,Lij, )™ centers
with maxima at 750 nm (E || a) and 950 nm (E | ¢),
whose intensity increases with an increase in the lithium
content C1,(Li). Based on obtained results the new laser
material has been created: forsterite crystals with active
centers Cr3T(M2)-LiT(M1) emitting in a new spectral
region around one micron [30].

4. Scheelite-like double tungstates
and molybdates

Double tungstate (DW) and double molybdate (DMo)
crystals with the generic composition of MTT3(XOy),
(where M = Lit, Nat, or K*; T = Ln?*t, Y?*, or Bi’t;
and X = W5F or Mo®"), in short MTX, are the deriva-
tives of scheelite CaWQ,, where two Ca2* ions are re-
placed by a M*TT3* ion couple. These crystals drew at-
tention due to their attractive spectroscopic properties
and broad isomorphic capacity giving the possibility of
incorporating large amounts of lanthanide ions.

We concentrate on the sodium-content group of DW
and DMo crystals, which have scheelite-like structure;
they are comparable in luminescent properties with well-
-known potassium-containing monoclinic tungstates like
KGd(WOQy)s2, but have the important advantage: they
undergo no polymorphic transformations, and, accord-
ingly, can readily be grown directly from the melt, in
particular, by the Czochralski process, except a few
compounds with incongruent melting, such as NaTmW,
NaYbW, and NaLuW [51].

The raising interest to the double tungstates and
molybdates with the scheelite-type structure as active

laser media have led to the significant number of papers
published in recent years and devoted to the study of
spectral-luminescent and lasing properties of these crys-
tals (see, for review [51]).

In the scheelite (CaWOQ,) structure (spatial group
I41/a), Ca®** located in a severely distorted dodecahe-
dral oxygen coordination, with two sets of bond dis-
tances: CN = 4 + 4. Each CaOg polyhedron shares the
edges with four analogous dodecahedra. W or Mo ions
occupy slightly distorted tetrahedral sites. The substitu-
tion of Ca?* for Nat and Ln3* cations in NaLn(TQ4)2
gives the first grade of structural disorder. Na® and Ln?*
ions lie between the tetrahedra along the fourth-order
crystallographic axis and either almost strictly statis-
tically or quasi-statistically distributed over the former
Ca?* crystallographic sites, producing rather smooth in-
homogeneously broadened absorption and luminescence
bands of rare-earth activators. Table II demonstrates
the considerable broadening of Yb3*t fluorescence nar-
row band in double tungstates compared to scheelite
CaWOy [52]. The cation distribution on the dodecahe-
dral (calcium) sites in the NaLn(TO,4)2 phases may be
partially or fully disordered depending on the composi-
tion.

TABLE II
Half-widths of ytterbium fluorescence lines in scheelite
tungstates.

Ie « 10—20 The maximum Half-width
Crystal Yb 2o of the narrow | of the narrow
[em™] band [nm] band [nm]
Yb:CaWOy 1.7 977.9 1.8
Yb:NaLa(WOy)2 2.0 976.7 3.5
Yb:NaGd(WOy4)2 3.5 975.5 3.8

The second stage of disorder in scheelite structure may
be accomplished by additional partial substitution of
host rare-earth ions in dodecahedral sites. One exam-
ple is given in Ref. [53]. The crystals of mixed scheelite-
-like tungstates Tm3*:NaLa,Gd;_,(WO,)2 with a vari-
able La—Gd composition occupy an intermediate posi-
tion between the lanthanum and gadolinium tungstates.
Our estimates show that the absorption cross section
for the 3Hg—3H, transition and the stimulated emission
cross section for the 3F,—3Hg transition of Tm3*t ions
in mixed scheelite crystals are comparable with the cor-
responding characteristics for Tm3T:NaGd(WQy,), and
Tm3":NaLa(WOQy,), crystals [53].

The further disorder of scheelite structure may be ob-
tained by mutual partial substitution between W and Mo
in tetrahedral sites. The realization of this substitution
is not so easy as in case of dodecahedral sites due to sig-
nificantly larger rigidity of tetrahedra compared to other
coordination polyhedra in the structure.

DW and DMo crystals were grown from the melt by the
Czochralski method from a platinum-rhodium crucible in
air with RF heating. The charge for growth was prepared
by standard calcining of thoroughly mixed initial chem-
icals NagCOg3, LnyO3 and WO3 (MoOs3) of extra-pure
grade, taken in the ratios, which provide stoichiometric
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composition of the melt. The activator was introduced
directly into the initial charge in the form of trivalent
oxide.

In some papers (see, for instance, Ref. [54]) two-step
solid-phase synthesis of charge for the Czochralski growth
of scheelite-like double tungstate single crystals was used.
(Firstly the mixture was slowly heated to 750 °C and held
at this temperature for 18 h. In the second step this
powder was cooled down to room temperature and then
heated again up to 850°C and held at this temperature
for 24 h). In our experiments we have not observed pro-
nounced negative influence of simplification of the tech-
nology of charge synthesis onto the quality of grown crys-
tals. In fact, even in the case of incompleteness of synthe-
sis the compound during solid-phase reaction, this syn-
thesis will be very quickly completed immediately after
melting of the charge, before seeding.

The pulling rate at different growth stages was varied
to ensure an actual velocity of the crystallization front
(taking into account the gradual decrease in the melt
level in the crucible), irrespective of the growth stage
(growth of the cone or the cylindrical part), of 1.2 mm /h
for heavily doped samples (more than 1 at.% of dopant)
and 2-2.5 mm/h for lightly doped sample. The rotation
rate was 10 rpm. The average diameter of the crystals
grown was 15-18 mm and their length ranged from 20
to 40 mm.

The actual concentrations of rare-earth dopants in
the grown crystals were measured at cylindrical parts of
boules by microprobe analysis at the analyzer Camebax
SX-50. The evaluated values of distribution coefficients
in the studied crystals are listed in Table III.

TABLE III

Distribution coefficients of some rare-earth dopants
in double tungstates and molybdates.

Crystal\Dopant | Yb Ho | Tm | Er | Ce
NaGd(WO4)2 | 08 | — | 07 | 07 | -
NaLa(MoOs)> | 0.5 | 05 | 05 | 0.4 | 1
NaGd(MoO4) | 075 | — | - | - | -
NaLa(WO4)2 0.5 - - - -

Although the crystals were grown in air, they showed
additional optical absorption due to the oxygen nonstoi-
chiometry. The as-grown crystals were annealed in air to
remove stresses and eliminate oxygen nonstoichiometry.
The annealing was performed for 48 h. In the first stage,
the annealing temperatures about 100 K below the melt-
ing temperature of the crystals were used. However, such
annealing leads to significant degradation of the optical
quality of crystals (the occurrence of turbidity). Then
the annealing temperature was reduced to 700°C. An-
nealing of the crystals under these conditions did not lead
to the occurrence of turbidity.

During the growth process a slight evaporation of WOs3
(MoOQs3) occurs, that leads to gradual shift of the melt
composition out from stoichiometry. The crystalline

boules, grown from strictly stoichiometric melts, have
stronger tendency to crack, and their surface is consid-
erably etched, especially at the end parts of the boule.
In order to avoid this problem, we used the melts with
slight (0.5-1%) excess of WO3 (MoO3). In this case,
grown crystals have mirror-like smooth surface from be-
ginning to the end parts of boule [55]. Other authors
are using either the same way of compensation the WOj3
evaporation during the growth (see, for instance, [56]),
or add a slight amount of NagW20O~ (see [57], and later
papers of these authors).

The serious problem in the growth of crystals of this
type is their tendency to cracking predominantly in the
(001) cleavage plane (perpendicularly to the optical axis).
Cracking may occur during both the growth process and
upon cooling of as-grown crystal to room temperature.
This phenomenon is caused by thermoelastic stresses de-
veloping under the influence of the temperature gradient
and relatively low mechanical durability of scheelite-like
crystals. For the (001) plane, the stresses necessary for
crack formation are much lower due to the significant
anisotropy of the coefficients of thermal expansion. The
thermal expansion coefficient along C-axis in scheelite-
like DT and DM crystal is approximately twice larger
than that perpendicularly to C-axis [58]. In order to
prevent such a cracking we used the growth directions
parallel to the cleavage plane (001). In view of the above
considerations, crystals were grown using a configuration
of heat shields providing the minimal possible radial tem-
perature gradients, while conserving an axial tempera-
ture gradient sufficient to ensure stable crystal growth
and eliminate problems related to constitutional super-
cooling of the melt.

The significant drawback of ceramic heat shields con-
figuration is the presence of a through hole in the radial
direction, which served as a watching window. This in-
spection hole makes a significant distortion in the shape
of the temperature field, making it asymmetrical in the
radial direction. That was one of the major causes of the
cracks in the crystals.

Introduction of entire quartz cylinder inside the ce-
ramic heat-shields appear to be unsuccessful since such
a close location to the melt leads to quite rapid loss of
transparency of the quartz due to the condensation of
vapor products of the melt on window surface. Displace-
ment of quartz cylinder away from the melt to the outer
layer of heat-shields or use a simple quartz plate cov-
ering the watching window allowed strongly reducing of
the heat removal through it and reducing significantly the
cracking, keeping at the same time the acceptable trans-
parency of the window throughout the growth process.

Modification of the heat-shields allowed us to avoid
the problem of cracking of crystals on the stage of crys-
tal growth. However, the crystals continued to crack at
the stage of after-growth cooling down to room temper-
ature. It was observed that the cracking occurs predom-
inantly in the final stages of cooling at temperatures be-
low 600 °C. Therefore, we have made additional improve-
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ments to the configuration of heat shields, namely, intro-
duced the resistance heating furnace with a platinum wire
coiled around the inner heat shield. The furnace was op-
erated by a programmable thermo-controller. During the
crystal growth process the temperature was maintained
at 700 °C. At the end of growth, after disconnection from
the melt crystal rised to the resistive furnace. RF heat-
ing was switched off and the furnace was programmed to
reduce the temperature at 10-20°C per hour. This im-
provement made it possible, first, to substantially miti-
gate the temperature gradients above the crucible, and
secondly, to reduce the cooling rate. As a result, the
problem of cracking of crystals was practically resolved.
Moreover, additional annealing of crystals in a muffle fur-
nace after the introduction of this procedure is generally
not required.
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Fig. 5. The temperature distribution above the

NGW:Tm melt surface.

Figure 5 shows the temperature distribution above the
crucible at different combinations of designed thermal
shields. The temperature was measured using a ther-
mocouple attached to the seed holder, in the absence of
a growing crystal. Measurements were carried out under
the following conditions:

A) without heat shields — the curve “No shield”;

B) double-layer heat shield with open inspection hole —
the curve “Shield”;

C) double-layer heat shield, an open inspection hole and
a resistance furnace — the curve “Shield + furnace”;

D) double-layer heat shield, inspection hole is covered
with a quartz plate — the curve “Shield + window”;

E) double-layer heat shield, inspection hole is covered
with a quartz plate and resistance furnace — the curve
“Shield 4+ window + furnace”.

One can see that the changes made in the design of
heat-shields, have made nearly uniform axial tempera-
ture gradient (= 9 K/mm) along the crystal growth axis
and greatly reduced the asymmetry of the thermal field
caused by a viewing window.

The temperature of after-growth annealing in the
growth chamber was not higher than 400-500°C below
the melting point. At higher annealing temperatures the
crystals become opaque and useless as laser materials.
It was shown in Ref. [59] that crystals, which became
opaque by high-temperature annealing, contained higher
density of structural defects, such as stacking faults, dis-
locations, and point defect complexes.

Fig. 6.

TEM image (a) and electron diffraction pat-
tern (b) of the annealed crystal NLM:Ce,Er, containing
CeQO2 crystallites.

Microstructural analysis of the unannealed (trans-
parent) and annealed (opaque) crystals NaLa(MoQOy)a,
doped by Er, Ce (NLM:Er,Ce) performed in Ref. [60]
by electron microscopy, transmission electron diffraction,
and X-ray microanalysis showed that the crystals con-
tained CeQOs precipitates. In the unannealed crystal, the
particle size of ceria were less than 0.1 pm, which does
not affect the laser quality of the samples, whereas the
annealed crystal contains well-faceted ceria crystallites
up to 0.3 pum in size, which leads to the opaque and scat-
tering. Moreover, the ceria particles in the unannealed
crystal have a tendency to align in specific directions.
The angle between such directions indicates that pre-
cipitation occurs in (001) and (012) or in (011) planes.
Annealing increases the precipitate size, but the ceria
particles remain aligned in certain directions. The trans-
mission electron microscope demonstrated that, in the
unannealed crystal, precipitation occurs at dislocations
(Fig. 6).

The choice of growth ambient atmosphere is also very
important factor, especially in the case of Ce-doped crys-
tals. On the one hand, the oxidation potential of growth
atmosphere should not be too high, because otherwise it
will be rather difficult for Ce** ions (introduced into the
charge as CeOy) to alter their oxidation state for 34+. On
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the other hand, the annealing of scheelite-like molybdates
in the ambient with very low oxygen partial pressure (in
particular, vacuum [61]) can lead to the formation of the
color centers.

In addition to the spectral lines caused by the pres-
ence of rare earth ions, many of the grown crystals, es-
pecially molybdates, demonstrate the additional optical
absorption [62]. This absorption band has the shape
and the range of wavelengths very similar to that of
NaBi(MoQy,)2 crystals, annealed in vacuum [61]. When
additional absorption is expanding to the fluorescence
range of rare earth activators (Fig. 7), it can negatively
affect the lasing parameters of crystals.
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Fig. 7. The absorption spectra of black-coloured

NaLa(MoOy)2 crystal grown in neutral atmosphere (a),
and the crystal, annealed in air (b).

To study the causes of this phenomenon, we carried
out the experiments to measure the electrical conductiv-
ity of the crystals at different temperatures [62]. Elec-
trical conductivity measurements carried out before and
after annealing on a NGM:Tm crystal, which had the
deepest and most stable black color of the samples stud-
ied, showed that the values measured at 20 °C were below
the threshold of the determination. For the non-annealed
sample, nonzero conductivity was observed starting with
240 °C, and for the annealed sample, starting with 400 °C,
and starting with these values, temperature dependent
electrical conductivity was close to the monoexponent
law in both samples. The processing of the experimental
dependence of the electrical conductivity of the colored
samples showed that the charge carriers in our studied
samples are electrons. Due to the high degree of local-
ization of electrons on oxygen vacancies, the electrical
conductivity of the samples at room temperature demon-
strates very low values. In non-annealed samples, broad,
strong and structureless absorption bands are observed.
Upon annealing, the concentration of oxygen vacancies
(and, accordingly, the concentration of potentially free
electrons) in molybdates crystal considerably decreases;
as a result, conductivity and optical absorption intensity
are strongly reduced.

The optical absorption of black and dark-lilac non-
-annealed samples in the range 400-1500 nm is well fitted
by the sum of two elementary Gaussians, which can cor-
respond to either two different electron transitions in one
optical center or to transitions of two different types of
optical centers. It was shown [62] that in non-annealed
samples there are at least two interrelated types of op-
tical centers based on intrinsic defects; one is an oxygen
vacancy based center and the other may be Mo®* ion in
MoS position. Such a defect, along with free electrons,
can also serve as a charge compensator for oxygen vacan-
cies. An oxygen deficient crystal growth atmosphere can
fairly enhance partial reduction of molybdenum.
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