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Abstract—A series of Cr**:CaMgSiO, single crystals is grown using floating zone melting, and their micro-
structure, composition, and crystal structure are investigated. It is shown that regions with inclusions of second
phases, such as forsterite, akermanite, MgO, and Ca;Mg,Si30,,, can form over the length of the sample. The

composition of the single-phase regions of the single crystals varies from the stoichiometric monticellite
CaMgSiO;, to the solid solution Ca(; _ yMg(; , nSi0, (x =0.22). The Cr:(Caj 3sMg 1,)MgSiO, crystal is studied
using X-ray diffraction. It is revealed that, in this case, the olivine-like orthorhombic crystal lattice is distorted
to the monoclinic lattice with the parameters a = 6.3574(5) A, b=4.8164(4) A, ¢ =11.0387(8) A, B =90.30(1)°,

Z=4,V=2337.98 A3, and space group P2,/c. In the monoclinic lattice, the M(1) position of the initial olivine
structure is split into two nonequivalent positions with the center of symmetry, which are occupied only by Mg+
cations with the average length of the Mg—O bond R,, = 2.128 A. The overstoichiometric Mg?* cations partially
replace Ca”* cations (in the M(2) position of the orthorhombic prastructure) with the average bond length of

2.347 A in the [(Ca,Mg)-Og] octahedron. The average distance in SiO, distorted tetrahedra is 1.541 A.

PACS numbers: 81.10.-h, 61.72.—y, 66.66.Fn
DOI: 10.1134/S106377450807002X

INTRODUCTION

Chromium(4+)-doped monticellite (calcium mag-
nesium orthosilicate) crystals compare favorably in
their spectroscopic properties with many similar laser
materials, including the known materials, such as for-
sterite and yttrium aluminum garnet [1-4]. However,
no technology has been developed to grow monticellite
single crystals of laser quality because of the incongru-
ent melting of monticellite and the very narrow field of
its primary crystallization in the CaO-MgO-SiO, sys-
tem [5]. Only recently, Cr:CaMgSiO, single-phase
samples of optical quality were prepared [6] and correct
spectroscopic investigations of these crystals were per-
formed [7]. It is also known that the crystallization pro-
cess in the CaO-MgO-SiO, system near the
CaMgSiO, stoichiometric composition results in the
formation of Ca, _,Mg,SiO, solid solutions; as a result,
the preparation of monticellite with a strictly stoichio-
metric composition is a complex problem [8]. Accord-
ing to [8, 9], the composition region of thermodynami-
cally stable solid solutions lies between the
Cay Mg, 11510, and Cag 9,Mg; (6510, compositions.

In [9-11], the Ca,_, Mg, SiO, solid solutions were
shown to be isostructural to forsterite Mg,SiO, and the

dependence of the metric of their orthorhombic lattice
on the composition was investigated in detail. An X-ray
diffraction study of monticellite crystals in the pressure
range 0.001-60 kbar was performed in [12]. However,
the distribution of cations over crystal lattice sites was
not investigated by X-ray diffraction methods.

In this work, we investigated the specific features of
the crystallization of monticellite from a melt, as well
as the microstructure and composition of crystals under
the conditions of their growth by crucible-free floating
zone melting. The X-ray diffraction investigation of
Cr**-doped monticellite crystals was carried out in
order to reveal the geometric characteristics of struc-
tural polyhedra (necessary for the spectroscopic inter-
pretation) and to determine the distribution of cations in
the structure.

EXPERIMENTAL

Monticellite crystals were grown by crucible-free
floating zone melting in air with optical heating on a
URN-2-3P setup. Calcium carbonate (special-purity
grade) preliminarily dried at a temperature of 120°C
and magnesium and silicon oxides (special-purity
grade) calcined at a temperature of 600°C served as the
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initial reactants. Chromium(3+) oxide was used for
doping samples by chromium. The chromium content
in the initial charge was equal to 0.2 wt %. A mixture of
the reactants was pressed into rods and sintered for 24 h
at temperature of 1200°C. According to the data obtained
in our earlier study [6], the optimum molar ratios
Ca0:MgO:Si0, of the components in the initial charge
lie in the range from 32.7 : 31.7: 35.7to 33 : 31 : 36. The
seeds used for the crystal growth were initially forster-
ite single crystals cut out along the a axis (Pbnm nota-
tion) and then monticellite crystals with the same orien-
tation. The growth was performed in air. The pulling
rate and the rotation rate of the upper (feed) and lower
(receiving) rods were equal to 1 mm/h and 20 rpm,
respectively. The rods were rotated in opposite direc-
tions, which provided a good mixing of the melt and a
uniform optical heating of the melt zone.

The microstructure of the single-crystal samples
was examined with a JSM-5910LV scanning electron
microscope. The composition of the samples was deter-
mined using the energy-dispersive microprobe analy-
sis. The crystal structure of the samples was determined
by X-ray diffraction. The formed phases were identified
and the parameters of their lattices were refined using
the X-ray powder diffraction analysis (DRON 4-13 dif-
fractometer, CuK, radiation).

A single-crystal fragment ground to a nearly spher-
ical shape (diameter, 0.15 mm) was used in the X-ray
diffraction experiments. A set of experimental reflec-
tions was collected on a CAD4 diffractometer (MoK,
radiation; graphite monochromator; ®/20 scan mode;
0<0<75%-7T<h<7,0£k<6,0<[<13). The exper-
imental data were processed with the WinGX98 pro-
gram package [13]. In solving the structure, two Mg
atoms, by analogy with the CaMgSiO, structure [12],
were placed at the inversion centers of the monoclinic
lattice. The coordinates of the other atoms were located
from a series of successive three-dimensional differ-
ence Fourier syntheses. The positional and thermal

Table 1. Results of the analysis of the chemical composition
of the single crystals in different regions™

Region Element content, at %
Nos. Ca Mg Si 0
1 14.28 14.32 14.26 57.13
2 12.41 15.56 14.69 57.34
3 10.81 16.81 14.92 57.46
4 10.11 17.43 14.97 57.43
5 27.72 14.85 57.49

* The maximum error in the determination of the elements is equal
to £0.17% for calcium, magnesium, and silicon and £0.34%
for oxygen.
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parameters of all atoms in the structure and the occu-
pancies of the M(1) cation positions were refined by the
full-matrix least-squares method in the isotropic
approximation with the SHELX97 program package
[14] (absorption correction in the spherical approxima-
tion, 673 reflections with I > 46(I), R = 0.051, s =
1.090).

RESULTS AND DISCUSSION

A series of monticellite crystals 10—15 mm in length
and 6-7 mm in diameter was grown using floating zone
melting from charges of different compositions lying in
the primary crystallization field of monticellite and its
immediate vicinity [6]. The crystallization in the oxide
system under investigation is very sensitive to the initial
composition of the melt, which, in addition, undergoes
a considerable evolution during the growth run. As was
shown in our previous paper [6], the refractory phases
MgO, CaMgSi,Oq, CaMgSi;Oq, and Ca,MgSi,O, can
be formed as solid inclusions in the melt. Inclusions are
absent in the melts with compositions that are shifted
from the stoichiometric point and contain no less than
36 wt % SiO,. The phase composition and the micro-
structure of the grown crystals vary along the axis of
their growth. According to the X-ray powder diffraction
data, inclusions of forsterite, akermanite Ca,MgSi,0,
periclase MgO, and the phase of the composition iden-
tified as Ca,Mg,Si;0,, were observed in different boule
regions depending on the composition of the initial
charge [6].

As follows from the results of the microprobe anal-
ysis, the grown boules contain single-phase regions
with a composition that, within the limits of experi-
mental error, corresponds to the stoichiometric com-
position of monticellite CaMgSiO, (Table 1, region
no. 1). However, in the majority of cases, the micro-
probe analysis revealed the formation of
Ca,_ Mg, ,SiO, solid solutions, for which a
number of compositions are presented in Table 1
(region nos. 2-4). The most magnesium-enriched
composition corresponds to Ca, ;Mg ,,S10,. There-
fore, the compositions of the solid solutions formed
in the samples under investigation can lie outside the
region of thermodynamically stable monticellite
compositions determined in [8, 9].

It should be noted that, since the crystallization of
the melt and subsequent cooling of the formed crystals
to room temperature occur at a finite (although rather
low) rate, the compositions of the prepared samples are
not necessarily thermodynamically equilibrium and
stable.

Forsterite Mg,SiO, (Table 1, Fig. 1) is one of the
most important second phases in defect regions of the
grown boules. Furthermore, no other second phases,
except for forsterite, are revealed in the samples grown
from the charges with compositions containing less
than 33 wt % CaO.
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Fig. 1. Compositional contrast image of the monticellite
crystal with forsterite inclusions (dark regions).

In our opinion, the monticellite—forsterite defect
mixture is formed according to the following mecha-
nism. At temperatures close to the melting point
(approximately 1500°C), forsterite and monticellite
form wide mutual-solubility regions (Fig. 2). However,
cooling of the crystals after the growth leads to a sharp
narrowing of the homogeneity regions. This results in
the phase separation of solid solutions in the regions of
the as-grown boules in which the value of x in the
Cag - yMg( 4 »Si10, solid solutions exceeds a critical
level. In this case, excess forsterite precipitates in the
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Fig. 2. Regions of the solid-phase solubility of forsterite in
monticellite as a function of the temperature.

form of orthorhombic inclusions (according to the crys-
tal system) up to several hundred microns in size
(Fig. 1), which leads to the generation of high stresses
and cracking of the crystal.

The above process can be observed visually: a trans-
parent layer of the crystallized region is seen in the
vicinity of the crystallization surface. However, the so-
called cloud front associated with the intensive crack-
ing and the precipitation of the second phase moves
after the crystallization surface at a distance of several
millimeters.

Table 2. Unit cell parameters of the crystals under investigation

o

Compound a, A b, A ¢, A B, deg
CaMgSiO, [12] 4.821(2) 11.105(3) 6.381(1)
CaMgSiOf 4.8135(6) 11.0063(19) 6.3259(11)
CaMgSiO, [10] 4.8164 10.9869 6.3491
Cr‘”’:Ca().ggMgO_uSiO}< 6.3571(5) 4.8164(4) 11.0387(8) 90.30(1)
Cag goMgg 115104 [9] 4.8180(6) 11.0074(9) 6.3327(6)
* This study.
Table 3. Coordinates of atoms (x 10%) and their isotropic thermal parameters Ueq (x10%, A)
Atom xla vib Z/c Ugq
M (CaygsMg 12) 0.7500(2) 0.0209(2) 0.72294(8) 0.00001
Mg(2) 0 0 0 0.00001
Mg(3) 0.5 0 0 0.00013(5)
Si 0.2497(2) 0.0887(2) 0.5822(1) 0.00001
o) 0.2501(5) 0.7547(7) 0.5782(2) 0.0008(7)
0Q) 0.2501(5) 0.2476(7) 0.4485(3) 0010(7)
0@3) 0.4562(5) 0.2281(7) 0.6486(3) 0028(7)
04) 0.0432(5) 0.2272(7) 0.6486(3) 0014(7)
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Table 4. Bond lengths and angles in the Cr**
crystal structure

:Cay ssMg) 1,MgSi0,

Bond Length, A Bond Length, A
Mg1 octahedron SiO, tetrahedron
M1-01 (x2) 2.183 Si-0; 1.610
-02 (x2) 2.083 -0, 1.663
-04 (x2) 2.118 -0y 1.648
Average 2.128 —0; 1.643
Mg!1' octahedron Average 1.641
M1'-01 (x2) 2.188(3)
-02 (x2) 2.077(3) Angle Value, deg
-03 (x2) 2.118(3) || 0,-Si-0, 115.81
Average 2.128 0,-Si-0y4 114.74
(Ca,Mg) octahedron 0,-Si-04 114.80
M-01 2.467 0,-Si-0y, 102.31
-02 2.293 0,-5i-03 101.68
-03 2.396 0,-Si-03 105.85
-04 2.270 Average 109.20
-03' 2.268
-04' 2.392
Average 2.347

Note: Errors in the determination of the interatomic distances do
not exceed 0.003 A.

Table 5. Lifetimes of the 37, excited state of Cr** ions
in crystals of the olivine series

Lifetime T, Us Ratio of the
Host athtf:rtrigleersa- Refer-
crystal 300 K 77K | tures of 300 | €NCeS
and 77 K
Mg,SiO, 2.7 25-35 8-11 [1,2,19]
Mg,GeO, 5 23 4.6 [2, 20]
CaMgSiO, 5 16 3.2 [2]
5.5 21 3.6 [4, 8]
v-Ca,Si0O, 15 [20]
v-Ca,GeO, 15 25 1.7 [19,21]

The X-ray diffraction investigations of the undoped
crystals revealed that the single-crystal samples crystal-
lize in the orthorhombic crystal system, whereas the
symmetry of the lattice of the chromium-doped crystals
is reduced from orthorhombic to monoclinic (space group
P2,/c, Z = 4 (Table 2)). It follows from the unit cell
parameters refined from 25 high-angle reflections that
the initial orthorhombic lattice is weakly distorted: the
monoclinic angle [ differs by only 0.29° from the right
angle. The atomic coordinates are presented in Table 3.
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The selected interatomic distances and bond angles are
given in Table 4.

According to the results obtained from the refine-
ment of the occupancy of the cation positions in the
structure, the crystal under investigation has the com-
position (Ca, Mg, 1,)MgSiO,. As can be seen from
Table 1, the unit cell parameters of the crystal are close
to those calculated for the above composition according
to the formulas derived by Lumpkin and Ribbe [10]
with the use of the statistical treatment of the X-ray dif-
fraction data obtained for 52 silicates, germanates,
phosphates, and beryllates with an olivine structure.

In the compound under investigation, the M(1) posi-
tions in the olivine-type structure are occupied only by
the magnesium cations. The average length of the Mg—O
bond in these two inequivalent [MgQO4] octahedra
(Table 3) within the limits of experimental error coin-
cides with the corresponding length R,, =2.133 A in the
CaMgSiO, structure [12]. The overstoichiometric Mg
cations replace some of the Ca cations in the M(2) posi-
tions of the initial prastructure. The average bond length
in the [(Ca,Mg)-Oq] octahedra is equal to 2.347 A. A
decrease in the distances in these polyhedra as com-
pared to the distance of 2.370 A in the CaMgSiO, struc-
ture [12] is caused by the partial replacement of the
Ca?* cations by the Mg?* cations with a smaller ionic
radius (rc, = 1.00 A, ry, = 0.72 A [15]). In the case
where the symmetry of the lattice is reduced from
orthorhombic to monoclinic with the loss of the m sym-
metry plane, the symmetry of the M(2) octahedra and
XO, tetrahedra forming an olivine-type structure is
changed to C,. The distortion of the M(2) octahedron
manifests itself in a large spread of its angles. The aver-
age distance in the SiO, tetrahedra increases insignifi-
cantly to 1.641 A as compared to the corresponding dis-
tances of 1.625 A in the CaMgSiO, structure [12] and
1.634 A in the Mg,SiO, forsterite structure [16].

The Cr** cations responsible for the laser properties
of the crystal replace the silicon cations in the SiO, tet-
rahedra. The evaluation of the tetrahedron distortions
from the coefficients relating the strains and symmetry
of the tetrahedron [17] has demonstrated that the geom-
etry of tetrahedra in the structures of the
Cr+:(Caj Mg 1,)MgSiO, and CaMgSiO, [12] com-
pounds does not undergo substantial changes. This
explains the fact that the studied optical absorption
spectra of the chromium-doped monticellite single-
crystal samples grown from charges of different com-
positions and containing Ca;_,Mg ,,,SiO, solid
solutions with different compositions do not exhibit
significant differences.

For crystals of the olivine series, there is a clear cor-
relation between the atomic masses of the elements
forming the host crystal and the lifetimes of the excited
state of Cr** ions (Table 5). The data presented in Table 5
allow us to draw the conclusion that the lifetime 7T is
predominantly affected by the atomic mass of the diva-
Vol. 53
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lent ions of the host which are directly adjacent to the
[CrO,]* cluster, whereas the atomic mass of the tet-
ravalent ions has a weaker effect. In particular, a com-
parison of the fluorescence lifetimes for the y-Ca,SiO,
and y-Ca,GeOQ, crystals at a temperature of 300 K has
demonstrated that the replacement of silicon by germa-
nium has almost no effect on this parameter.

The replacement of silicon by germanium in forster-
ite also has a considerably weaker effect on the thermal
quenching as compared to the replacement of magne-
sium by calcium. In fact, the lifetime T for the
v-Ca,Si04:Cr crystal at a temperature of 300 K is
longer than that for the y-Mg,GeO,:Cr crystal by a fac-
tor of three. Even in the case of monticellite (i.e., upon
replacement of only half the magnesium atoms by the
calcium atoms) for which the value of 7 is close to that
for the Mg,GeO, compound at 300 K, the decrease in
the lifetime during heating from 77 to 300 K (the
parameter more clearly characterizing the thermal
quenching and, correspondingly, the decrease in the fluo-
rescence quantum yield) for Mg,GeO, is somewhat
sharper than that observed for CaMgSiO, (Table 5).

Among the crystals compared in Table 5, the best
spectroscopic characteristics are observed for the cal-
cium silicate and calcium germanate, with the montic-
ellite ranking next.

However, unlike monticellite, the y-Ca,SiO, and
v-Ca,GeO, crystals cannot be grown using melt tech-
nologies because of the occurrence of subsolidus phase
transformations. The use of complex and laborious flux
technologies for growing y-Ca,GeO, crystals did not
result in the preparation of single crystals comparable
in quality to crystals grown from melt, including for-
sterite crystals. Attempts to grow Yy-Ca,SiO, single
crystals have failed.

CONCLUSIONS

The results of our experiments on the growth of
monticellite single crystals by using crucible-free float-
ing zone melting with optical heating and the investiga-
tions of their properties will underlie the development
of the technology used for synthesizing crystals of high
laser quality.
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