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Thermal behavior of some germanates with non-olivine structure
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Single phase germanates LiAlGeO,, LiGaGeO, and Zn,GeO, with hexagonal structure (space group, S. G., R3),
Li,CaGeO, with tetragonal structure (S. G. 1-42m), CasGe;O,; with monoclinic structure (S. G. C1) and
5LiAlGe04.4Zn,Ge0,4 with cubic structure were obtained by solid-state synthesis. The thermal behavior of these
germanates was studied with a view to finding out the most appropriate method and conditions for growing single
crystals from them, which, after doping with Cr**, can be used as matrices for lasers with a broad emission spectrum in
the range from 1.0 to 1.6 um. By means of powder X-ray diffraction and DTA/TG analysis, the melting temperatures,
the type of melting (with or without decomposition), the type of the phases crystallizing after decomposition, as well as
the presence (or lack) of polymorphic transitions in the vicinity of the melting temperature, were studied. Most of the
data on the thermal behavior of these germanates are reported here for the first time. It is found that four of the
synthesized germanates (LIAIGeO,, Zn,GeO,, CasGes0,1, and 5LiIAIGe0,.4Zn,Ge0,4) are melting congruently (without
decomposition) and do not display phase transitions. Unlike the germanates with olivine structure, which are examined
in more details for the same purpose, single crystals from non-olivine germanates could be directly grown from their
own solutions (by the methods of Czochralski, Bridgman-Stockbarger or Kyropoulos) instead of using the flux method,

which is characterized by a considerably lower rate of growing and a limited crystal size.
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INTRODUCTION

Single crystals of complex oxides doped with
ions of transition 3d elements with different
oxidation states are of particular interest as laser
media. These single crystals display a broad
emission range as tunable lasers [1, 2] and may also
be used as media for femtosecond lasers [3, 4]. Of
particular importance are the Cr*" doped media
emitting in the range from 1.1 to 1.6 pm. Lasers
emitting in this range find increasing application in
medicine, ecology and telecommunications [5, 6].
The most popular Cr*" doped single crystals are
those of Mg,SiO, (forsterite) and Y3Als0;,
(garnet). Both of these single crystals have,
however, several drawbacks. For example, a severe
problem is caused by nonradiative transitions, as a
result of which the quantum efficiency amounts to
about 9% for forsterite and 14-22% for YAG [7, 8].
Another problem is the undesired presence of Cr**
along with Cr*". As a rule, only a small percentage
of chromium is in the desired Cr** state [8]. Owing
to the issues mentioned, novel Cr** doped laser
matrices are still looked for. Most promising among
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the novel crystal matrices studied so far seem to be
the Cr** doped germanates having Ge*" in the
tetrahedral environment preferred by Cr*" as the
ionic radii of Ge** and Cr** are very close — 0.41
and 0.39 A [9], respectively. From this point of
view, substitution of Ge* by Cr** is significantly
facilitated up to high concentrations of Cr*.
Favorable fact is that the existence of chromium as
Cr®¥ or Cr* in these germanates is highly
improbable.

Suitable class of single crystal matrices is that of
germanates with olivine structure (S. G. Pnma) with
the general formulas: Me,GeO, (Me=Mg, Ca);
Li,MeGeO, (Me=Mg, Zn); LiMeGeO, (Me= Sc, In,
Y), as well as the compound Li,GeQ,. Our study of
the thermal behavior of these germanates revealed
that most of them are melting with decomposition
(incongruently) or display phase transitions. The
only exception is Mg,GeO, Its melting temperature
is, however, too high (1885 °C) and considerable
amounts of GeO, evaporate. Hence, the flux
method from high-temperature solutions is the only
option of growing crystals from these compounds.
The crystal growth should be performed below the
decomposition temperature or the temperature of
phase transition. A major drawback of this method
compared with the growth from the own melt

188 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



I. Koseva et al.: Thermal behavior of some germanates with non-olivine structure

(methods of Czochralski, Bridgman-Stockbarger or
Kyropoulos) is the considerably lower rate of
growing. This explains the search for other
germanates which possess the advantages of the
olivine-group ones (tetrahedral environment of
germanium, close ionic radii of Ge** and Cr*") and
melt with no decomposition or phase transitions.

According to the literature data, LiAIGeQO,,
LiGaGeO, and Zn,GeO, are isostructural and
belong to the same structural group (S. G. R3) [10-
15]. Germanium participates in this structure in two
tetrahedra differing by size and deformation degree;
lithium and aluminium (lithium and gallium), as
well as zinc in Zn,GeO, are also in tetrahedral
positions. The structural differences between these
three compounds are due to the different Ge-O and
Me-Ge distances, where Me is Li, Al, Ga or Zn.
There is no information on their thermal behavior
before melting (presence or lack of transitions).

Li,CaGeO, has tetragonal structure (S. G. I-
42m), in which germanium and lithium are in
tetrahedral environment, while calcium is in
dodecahedral coordination [16]. Although this
compound, doped with rare earth elements (Er, Tb,
Dy), has been examined as a phosphorescent
substance, there are no data about its thermal
behavior. The phase CasGes;O;; has monoclinic
structure in which germanium participates in three
tetrahedra differing by size and deformation degree,
while calcium is in a dodecahedral occupation [17,
18]. There is no data about the thermal behavior of
this compound either.

According to the pseudobinary diagram of
LiAlIGeO4-Zn,Ge0, [19], the  compound
5LiAIGe0,:4Zn,Ge0, (LisAlsZngGe,O35) exists
and has a temperature of congruent decomposition
about 1080°C with no polymorphic transitions up to
this temperature.

All the above mentioned six germanates possess
Ge*" in a tetrahedral position, therefore they are
suitable for Cr** doping as the already investigated
germanates with olivine structure.

The main purpose of this work was to study the
thermal behavior (melting temperatures, type of
phases obtained by eventual decomposition,
presence or lack of polymorphic transitions) of the
above mentioned six germinates. The thermal
behavior strongly determines the method and
conditions of single crystals growth.

EXPERIMENTAL

The studied germanates were obtained by solid-
state synthesis using the following reagents: CaCO;

(99.9), Li,CO; (99.99), ZnO (99.0), Al,O3 (99.99),
Ga,0; (99.9) and GeO, (99.999). Stoichiometric
amounts of the starting reagents for the
corresponding germanate were weighed with a
precision of = 0.01 g and were mixed and ground in
an agate mortar. The reaction mixtures were
thermally pretreated at 900 °C for 2 h for
decomposition of the carbonates present. After a
further homogenization, the mixture was heated for
16 h, with two intermediate grindings, at different
temperatures until the minimal temperature was
established, which was sufficient for obtaining a
well-crystallized pure germanate product with no
admixtures of unreacted reagents or side
compounds.  After  synthesis at different
temperatures the following optimal temperatures
for solid-state synthesis were found: 1050 °C for
LiAIGeO,, 1100 °C for LiGaGeO, 1150 °C for
Zn,GeO,, 1050 °C for Li,CaGeO,, 1200 °C for
CasGe;04; and 1050 °C for 5LiAIGe0,.4Zn,Ge0,.

Structural characterization was carried out by
powder X-ray diffraction (XRD) using a Bruker D8
Advance powder diffractometer with Cu Ka
radiation and SolX detector. XRD spectra were
recorded at room temperature. Data were collected
in the 20 range from 10 to 80° 20 with a step of
0.048 20 and counting time of 1 s/step. XRD
spectra were identified using the Diffractplus EVA
program.

Differential thermal analysis was carried out on
a DTA-TG analyzer SETSYS Evolution 2400,
SETARAM in static air atmosphere with a heating
rate of 10 °C min™ and 15-20 mg sample weight.

Additional experiments were performed in order
to establish the melting type (congruent or
incongruent). For this purpose a sample of about 2
g was placed in a platinum crucible and was heated
in a furnace with a MoSi, heater with controllable
temperature (+1 °C) up to a temperature by 20-30
°C above the melting temperature established by
DTA. After holding for 30 min, the sample was
withdrawn from the hot area and was briskly cooled
on a cold copper plate. The sample cooled down to
room temperature for 10-15 s. The briskly
crystallized sample was subjected to XRD analysis
for identification of the crystallized phases.

RESULTS AND DISCUSSION

Figs. 1 and 2 present the powder XRD patterns
of germanates obtained by solid-state synthesis,
compared to the corresponding PDF data. No
additional phases can be distinguished and the
patterns are consistent with the literature data.
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Fig. 1. Powder XRD patterns of the LiAIGeO,,
LiGaGeO, and Zn,GeO, obtained by solid-state
synthesis, compared to the corresponding PDF data.
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Fig. 2. Powder XRD patterns of the Li,CaGeO,,
CasGes;01; and LisZngAlsGegOse obtained by solid-state
synthesis, compared to the corresponding PDF data.
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The DTA/TG curves of the samples are shown
in Fig. 3. As can be seen, none of the germanates
displays phase transitions in the vicinity of the
melting temperature. The established melting
temperatures are: 1190 °C for LiAIGeO,, 1147 °C
for LiGaGeOQ,, 1505 °C for Zn,GeQ,, 1120 °C for
Li,CaGeQy,, 1560 °C for CasGe3Oy; and 1160 °C for
5LiAIGe04.4Zn,GeO,4. Except for the melting
temperature of Zn,GeO,, these data differ from
those given in the literature. Thus, for LiAlGeO,4the
temperature 1150°C is given in [13] (1190 °C in this
work); for LiGaGeO, -1200 °C [20] (1147 °C in this
work); for Zn,GeQ, -1502 °C [12] (1505 °C in this
work); no data are available for CasGe;O,; and
Li,CaGeOy; while the temperature 1080 °C is given
for 5LiAIGeQ,4.4Zn,GeO, according to the phase
diagram [19], (1160 °C in this work).
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Fig. 3. DTA/TG curves of LiAIGeO,, LiGaGeO,,
Zn,GeOy, LizcaGEO4, CasGe;0q; and Li5zn8A|5GegOg,5
up to the melting temperature. 1 — melting temperature.

The results of the experimental study of the type
of melting of the germanates and the phases
crystallizing from the melts are presented in Fig. 4.
As can be seen, the XRD pattern of the products
after melting of LiAIGeO, and subsequent brisk
cooling, does not contain any peaks different from
those of LiAIGeO, and matches very well the one
given in the literature (PDF-270289), i.e. LiIAIGeO,
is melting congruently at 1160 °C. Similar behavior
is displayed by Zn,GeO, CasGe;O,; and
5LiAIGe0,.4Zn,GeQ,4. The congruent melting of
these four germanates (LiAIGeO,;, Zn,GeO,,
CasGes0y; and 5LiIAIGe0,.42n,Ge0,) is of great
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significance as crystal growth is concerned, because
single crystals of these germanates could be grown
from their own melts by methods characterized by
technological simplicity and high growing rate.

Fig. 4 illustrates the thermal behavior of
LiGaGeO, after melting. Differently from the
published assertion [10] that this compound melts
congruently, our studies revealed that it melts at
1147°C  with decomposition, the main
decomposition product being Li,GeOs. Fig. 4 also
presents the thermal behavior of Li,CaGeO,4 which
melts with decomposition to Ca,GeO, and Li,GeOs.
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Fig. 4. Powder XRD patterns of the products after
melting of LiAIGeQ,, LiGaGeO,, Zn,GeO,, Li,CaGeO,,
CasGe;04; and Li5zn8A|5Ge9035. Additional phases in
the cases of incongruent melting are marked.

As was already said, none of the examined
germanates displays phase transitions.

CONCLUSION

The germanates examined in the present study
are considerably more appropriate for crystal
growth than the germanates with olivine structure.
Our former studies revealed that out of nine
germanates with olivine structure, none could be
directly grown from its own melt. Unlike the
olivine-type germanates, four of the germanates in
the present study (LiIAIGeO,, Zn,GeQ,, CasGesOqq
and 5LiAIGe0,.4Zn,Ge0,) are melting congruently
without phase transitions. Hence, methods for

single crystal growth from the own melt can be
applied (Czochralski, Bridgman-Stockbarger and
Kyropoulos). It should be kept in mind, however,
that two of these germanates (Zn,GeO, and
CasGe;O;) are melting at relatively high
temperatures (1505 °C and 1560 °C, respectively),
which would hamper the crystal growth due to
some evaporation of GeO,. The thermal behavior of
the other two germanates (LiAlIGeO, and
5LiAIGe0,.4Zn,GeQy) is perfectly suited for single
crystal growth from their own melts. The
compounds LiGaGeO, and Li,CaGeO, are melting
with decomposition and crystal growth from them
could be realized only by the flux method, as in the
case of the germanates of the olivine group.
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TEPMUYHO ITOBEAEHWE HA HAKOU I'EPMAHATU C HEOJIUBUHOBA CTPYKTYPA
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(Pestome)

Upe3 TBBpAOGa3eH cUHTE3 Osxa MONy4YEHH MOHO(A3HH IepMaHATH OT ChEIUHCHHUATA C XEKCaroHalHa CTPYKTypa
LiAIGeO,, LiGaGeO, u Zn,GeOy (S.G. R3), ot cheauueHueTo ¢ TeTparoHanta ctpykrypa Li,CaGeO, (S.G. 1-42m), ot
ChEIMHEHUETO ¢ MOHOKIMHHA CTpykTypa CasGe;Op; (S.G. Cl) u oT cheAMHEHHETO ¢ KyOWYHa CTPYKTypa
5LiAlIGe0,4.4Zn,Ge0,. Belre u3cneaBaHO TEPMUYHOTO MOBEICHHE HA TE€3U T'€PMaHATH OT IJIeHA TOYKA JIa CE HAMEPST
HAW-TIOAXO/ISAIINS METO U YCIIOBUS 32 U3PACTBAHE OT TAX HA MOHOKPHCTAIH, KOUTO CJe] JOTHPaHE C Cr*, morar na
Ob/IaT U3MOJI3BAHU KATO JIA3€PHU MATPHIM 3a JIa3epU C HIMPOK CHEKThP Ha W3ibuBaHe B obmactra ot 1.0 mo 1.6 um.
TemneparypuTe Ha TONCHEe, BUIa Ha CTallsHE (C pasiaraHe Wik Oe3 pasiaraHe), BUaa Ha KpuUcTaau3upainuTe Gasu cien
pasiarane, KakTo ¥ HaJUYMCTO WM JIUIICATa Ha TMOIMMOP(GHO MPeBpbhINaHe OJIH3KO J0 TeMIIEpaTypaTra Ha TOMEHE Osixa
U3CJICBAHM Ype3 PEHTIeHOB (a30B aHaiM3 U AudepeHIuaneH TepMHUCH aHamu3. [ojsiMa 4yacT OT JaHHUTE 3a
TEPMHUYHOTO TIOBEACHUE HA TE3U repMaHaTh Ce MyOIMKYBaT 3a IbPBU BT, Y CTAHOBEHO €, Y YCTUPH OT CHHTC3UPAHHUTE
repmanaru (LIAIGeO,, Zn,GeO,, CasGes0y;, u SLIAIGe0,.42n,Ge0,) ce TomsT KOHrpyeHTHO (0e3 pasiaraHe) ¥ He
MOKa3BaT HAIMYKE Ha (Pa30B MPEX0/. 3a pa3jiuka OT FePMaHATHTE C OJIMBUHOBA CTPYKTYpa, KOUTO OsiXa M3CIICABAHH T10-
JIETAIIHO 3@ CHIIUTE LEIH, MOHOKPHUCTAIN OT HEOJMBUHOBHUTE FepPMAaHATH MOTAT Ja ObJaT M3PACTBAHU JUPEKTHO OT
TsAXHATa COOCTBeHa cromuika (mo meroaute Ha Yoxpancku, bpumkman-Crokbaprep wiu Kupomnynoc) BMecto na ce
M300J13Ba (PIIaKC METO/Ia, KOUTO Ce XapaKTepU3hpa ChC 3HAYUTEIHO MO-MajKa CKOPOCT Ha M3PACTBAHE U OTPAHUUCHUE
3a pazMepa Ha U3PACTBAHUS KPHUCTAJL.
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