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Abstract. Polarized Raman and infrared specha of LiZGe70LS single crystals were measured 
in the frequency m g e  5-1000 cm-’ at mom temperature. The spectra are analysed within 
the framework of the Landau thwry of Seucnual phase bnsitions from a (hypothetical) fully 
disordered deficient structure (aristotype). The mechanism of the phase transition is discussed 
in terms of ordering and shifts of ions. 

1. Introduction 

In the past few years, there has been an increasing amount of experimental evidence and 
theoretical work that points to peculiar properties of substances called ‘weak ferroelectrics’, 
which form a distinct class among ferroelectric crystals. (Let us mention the equivalent 
concept of ‘pseudoproper ferroelectrics’ used in the earlier literature.) Weak ferroelectrics 
are characterized by a low effective charge of the soft mode, which consequently leads to 
low values of the Curie-Weiss constant and spontaneous polarization. An unusual form 
of the dielectric susceptibility versus temperature dependence may be encountered here. It 
was suggested [l] that the smallness of the effective charge of a weakly polar ferroelechic 
is due to the fact that the mode in question complies to the Brillouin zone centre at an 
antiferrodistortive transition, which is either a real or a hypothetical precursor of the proper 
ferroelectric transition. 

The aim of this work is investigation of the spectra of one of the representatives of weak 
ferroelecEics, lithium heptagermanate LizGe-rOls (LGO). The ferroelectric phase transition 
occurs at TE = 283.5 K [2]. The soft mode was observed by Raman scattering in the 
ferroelectric phase [3,41, by infrared (IR) spectroscopy [5,6] and by hyper Raman scattering 
171 in the paraelechic phase; its oscillator strength is extremely small. Critical phenomena 
are clearly seen [&lo]. Dielechic measurements yielded a low value of the CurisWeiss 
constant (C~W = 4.6 K); the inverse dielectric susceptibility does not obey the Curie-Weiss 
law. On cooling, the spontaneous polarization rises to a maximum (Ps,m, N 0.03 pC  cm-’, 
at - 260 K), then decreases to zero at T, = 135 K, and below this temperature changes its 
sign [ll-131. Let us mention that T. determined in [13] lies considerably lower than that 
determined in 1121. 

According to [14], LGO crystals are orthorhombic, with Dii-Pbcn (Z = 4) space group. 
Though the LGO structure really is orthorhombic, it is a fact that its motif clearly bears the 
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pseudohexagonal character of the Ge02-type structure. The ‘hexagonality’ of LGO is also 
confirmed by numerical values of elastic moduli [2]. 

The behaviour described above allows one to consider LGO as a member of the class of 
weak ferroelectrics. 

Our work consists of three parts. In the first one, to which this paper is devoted, we 
show that an aristotype structure of a higher symmetry can be found for LGO and we shall 
describe the character of the corresponding phase transition. The very existence of this 
phase transition enables us to describe the origin of the soft mode (which in this case really 
comes to the Brillouin zone centre of the Pbcn phase due to an antiferrodistortive phase 
transition, thus fulfilling one of the principal requirements of weak ferroelectrics) and to 
assign the spectrum of the paraelectric phase. 

In the second part, entitled ‘Disappearance of the R soft mode in the weak ferroelectric 
LGO’ [MI, results of the investigation of the soft mode in the ferroelectric phase are presented 
and it is shown that the t9 oscillator strength of the soft mode turns to zero at about 
T, + $(z - Tz), as assumed by the theory [l]. The last part will deal with hard modes 
(i.e. the temperature changes of their Raman and IR spectra). Possible mechanisms of the 
ferroelectric phase transitions will be considered. 

2. The crystal structure of LGO and the prototypic phase 

Figure 1 shows two projections of the LGO structure constructed using the data from [14,20]. 
The crystal is orthorhombic: DE-Pbcn, with a = 7.36, b = 16.76 and c = 9.69 A, 
with four formula units in the elementary cell. The crystal structure is formed by heavily 
corrugated layers of [GeOa] tetrahedra bonded together by [Ge06] octahedra into a three- 
dimensional network. This structure can be characterized by the formula Liz[Ge(Gq05)3]. 
Li+ ions are located in channels, as is often encountered within silicategermanate minerals, 
but not in ferroelectrics. Let us note that, though the structure is orthorhombic from the 
crystallographic point of view, substantial features are better perceivable if the structure is 
derived from a hexagonal quartz-like GeOz structure, as indicated in [ Z ] .  Analogies between 
LGO and GeOz are as follows: 

(i) The lattice constant ratio b/c N & points to pseudohexagonality. 
(ii) Ge04 tetrahedra are bonded together by a common (shared) oxygen atom into a 

(iii) Wide channels are formed in the structure along the pseudohexagonal axis. 

By contrast, LGO differs from quartz in the following: 

(i) There are GeOd octahedra in the tetrahedral network of LGO. 
(ii) There are Li atoms located in the channels, like in stuffed tridymites. 

Li atoms of two sorts (ionized as Li+) are distributed in channels so that the excess 
negative charge due to the formation of [Ge06] octahedra is compensated. Atoms Lil 
occupy special 4(b) sites and are coordinated by four oxygen atoms belonging to two 
[GeOb] octahedra. Atoms Li2 are placed in a wider channel and are coordinated by two 
oxygen atoms belonging to one octahedron. This allows one to consider Li2 more loosely 
bonded in the channel than Lil. 

All this shows that the character of LGO structure renders the symmetrization of Lxio 
structure possible. Let us perform such a symmetrization. As seen in figure 1, a0 has two 
heavily cormgated (hexagonally close-packed) layers formed by oxygen ions (types 02-05, 

three-dimensional covalent network. 
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Figure 1. The paraelectric Smcture of LOO viewed along (a)  the n axis (after [14]) and (b) 
the e axis. Arrows indicate symmetrizing shifts; L, G and 0 stand for lithium, germanium and 
oxygen, respectively. The third coordinate is given in parentheses (e). 

07 and 08) at elevations close to a/4 and 3a/4. Shifting these ions exactly to positions 
a/4 and 3 4 4  'flattens' the corrugation. Further let us perform small shifts in the bc plane, 
as indicated by arrows in figure 1. It is clear that the oxygen atoms in question will then 
occupy (d) sites of the D&-P63/mmc space group, with the unit-cell parameters 

a a = c  bo = 6 x (ah + bh)  co = 2 x (bh -ah) (1) 

as shown in figure 2 in thin lines; o and h label the orthorhombic and hexagonal cell, 
respectively. At this onset, the unit-cell volume ratio Vn/Vh = 24. Further symmetrization 
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of the structure concerns shifts of Li, Gel, 01 and 0 6  in the bc plane. As the result, 
these atoms will occupy (a) sites in the hexagonal structure. As depicted in figure 1, the 
shifts greatest in magnitude concern 0 1  and 06 and to a lesser extent Li2. Octahedrally 
coordinated Gel and Lil remain practically unshifted. At these shifts, Ge2-Ge4 (bonded 
covalently with 01 and 0 6  to Ge-O-Ge bridges) reach (b) sites of the hexagonal phase. 
More precisely, to achieve this, small shifts (- 0.04 A) of Ge2-Ge4 atoms along the 
pseudohexagonal axis are necessary in addition. 

Figure 2 The symmetrized stmcture of LGO viewed along (a) then axis and ( 6 )  the c axis (as 
in figure I) .  Unit cells of Pbrlmmc sp3ce group are shown by thin lines. 

All the shifts indicated result in the structure drawn in figure 2. Inspection of this figure 
shows that the prototypic phase of LGO may be presented as a hexagonal closepacked 
structure of P6slmmc symmetry, with disordered octahedral voids. The (a) voids are half- 
occupied with Li, Gel, 01 and 0 6  and half-empty. Ge2-Ge4 a h ”  occupy @) sites also 
with probability 1/2, but the close-packed layers are formed from oxygen atoms 02-05, 
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0 7  and 0 8 ,  occupying all the (d) sites. The structural formula of our prototypic phase is 
thus ( A I / z ~ ~ , z ) ( ~ ) ( B I / ~ ~ ~ / ~ ) ~ ) O ~ ~ ’ ;  0 stands for void; A for Li, Gel, 01 ,  06;  and B for 
GeZ-Ge4. Table 1 gives generalized data on the occupancy of sites in the prototypic and 
the orthorhombic phases, and their transformations. 

3. Group-theoretical analysis and mechanism of the D& + Dii phase transition 

To describe the hypothetical phase transition introduced we shall employ the usual Landau 
group-theoretical approach [U]. (Lzt us mention that the monograph 1151 outlines 
exhaustively the treatment of phase transitions from the close-packed AI and A3 structure+ 
with symmetry 0; and D&, respectively-based on extended ideas of Landau theory; phases 
of a substance with symmetries connected by groupsubgroup relations are called ‘Landau 
phases’.) As shown above, the relation of D& and D;; lattice parameters is determined 
by relations (1). Such a 24-fold multiplication of the unit-cell volume allows us to select 
unambiguously the star of vectors [k) of the prototypic phase, according to which the 
phase transition can be realized. Figure 3 shows how the orthorhombic reciprocal cells are 
embedded in the hexagonal one. Obviously, the star [k) of vectors that play a role in the 
phase transition is reducible and consists of two irreducible stars (throughout this paper we 
label wavevectors and irreducible representations according to Kovalev [16]): {le5 = $bl 1 
and [k6 = h(b1 + b)). It is seen in figure 3 that four arms only (two arms per star) 
out of all the arms of these two six-arm stars participate in the phase transition: ki, k:, 
k: and IC:. According to [16], four irreducible representations correspond to each of these 
stars: &-Z+ to (k5) and TI -T~  to (k,j]. The labelling of reciprocal space points we use 
complies with the one adopted generally 1171. To find the order parameter appropriate 
for the phase transition considered, it is necessary to inspect 16 combinations of reducible 
representations &8Tj ( i .  j = 1-4). We performed this cumbersome work; the final result is 
presented in table 2. which lists possible space groups of the low-symmetry phases (having 
I‘O lattice and belonging to the DB class) that are of interest. Leftwards and upwards from 
irreducible representations the space groups are given (if the order parameter transforms 
according to the corresponding irreducible representations). Resulting multiplications of the 
unit-cell volume are, however, smaller than the real one (24-fold) we have in LCO; this fact 
speaks for the necessity of introducing a reducible star. Rightwards and downwards from 
the representations, there are 32 phases with 24-fold volume multiplication. The group D:: 
appears here four times: two cases from 8 Tz and the two others from Ez 8 T4. But 
in the case of L’z 8 T4 the n plane is perpendicular to the hexade, which is not in accord 
with the situation in Loo. We may thus conclude that we determined unambiguously the 
order parameter of the D:,, -+ DE phase transition in L G ~ .  This order parameter transforms 
according to 8 Tz. 

The group-theoretical analysis performed shows that this order parameter allows 56 
phases (considering all the arm combinations). Out of these, the phases with Pbcn symmetry 
appear in two solutions of state equations. (Because of that table 2 shows two identical 
space groups.) Subsequent detailed analysis of the ordering we actually see in WO, however, 
excludes one solution as unmatching. Thus, only one solution of the state equations ( A p )  
suits the case of LOO: ks = (0, 0, q.  O,O, -0) and kg = (e ,  0,O. eikl3$. 0,O). 

The generators of C3 8 T2 representation of the group D& are: 
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Table 2. Space groups of  D u  low-symmetry phases with ro lattice for order parameter, which 
is vansformed by the r,(ks) + rj(k6) reducible representations of P63 fmmc spaca group, 

Figure 3. Relations between Brillouin wnes of P6jlmmc and Pbcn phases of LOO. Arrows: 
rays of (ks) and {k,) s a :  circles: points of the hexagonal zone that vansform Io the centre of 
zone of the D:; phase at the D:h + Dit phase transition. 
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Correspondence between symmetry elements of D:h and DE reads: 

[h11000) + E 

[h41ah - 5bh + ch/2) + C;(2l) 

Ihll I O W  -+ C32) 

[halah - 5bh + ch/2) + Ci(2,) 

[ h l & ~ a ~ )  + I (inversion) 

{hlslah - 5bh + ch/2) + uyz (b plane) 

{hZl2bh} + uxz (c plane) 

(hzolah - 5bh + C’/Z] + u X y  (n plane). 

Just for this solution, the ordering shown in figure 2 was obtained. 
Let us show that the symmetrization of E O  structure we performed entirely ‘by hand’ 

corresponds to the backward process that takes place at the phase transition. In other words, 
we shall show that the symmetry of order parameter introduced allows us to describe 
the transformation of the aristotype structure to the real LGO. This task we fulfilled by 
checking the ‘activity’ of @Tz representation with respect to ordering and displacement 
mechanisms (what we did ‘by hand’). Such a check is done with the help of orthogonality 
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relations for characters [15]. It allows us to determine whether the representation in question 
is contained in the representation of the suggested model of charge-density distribution 
probability change and, if yes, how many times. 

The representation of the transition model we investigate is a product of three 
representations: a representation of the subgroup of translations, a permutational 
representation and displacive representations Cr, and Txy). Having constructed these 
representations and having decomposed them into irreducible ones, we arrived at results 
presented in table 3. From there it follows that the corresponding ordering in E o  according 
to (a) sites is given by T2 representation, which encompasses xy shifts of (a) sites and z 
shifts of (d) and (b) sites. Representation E3 is responsible only for shifts of (a), (b) and 
(d) sites in the plane perpendicular to hexade. Table 3 also shows that neither E3 nor Tz 
is active in ordering of (b) sites (figure 2 indicates that the (b) sites also order). To remedy 
this, it is necessary to inspect which representation out of those active in (b) ordering ( X I ,  
TI, T3) does not violate the order parameter symmetry (i.e. which one is a secondary non- 
symmetry-breaking order parameter). A correlation of irreducible representations from all 
points of the D’& phase that fold into the Brillouin zone centre due to the phase transition 
is presented in figure 4. From there it follows that the secondary order parameter belongs 

. to the representation TI (k6 = $(bl + bz)), which really is active in ordering of (b) sites. 
This secondary order parameter takes care of ordering of Ge24e4  atoms, which actually 
occurs in the Pbcn phase of LGO. 

Table 3. Decomposition of the m g c m e n t  (OD) and the shifl (T,. Txy)  representaliions at (a), 
(b) and (d) Wyckoff positions of Dih space group into irreducible representations. 

IR (a) CO) (d) 

OD Tz TJr OD Tz Try OD T, Try 

z , 1  1 I 2 -  2 2 -  2 
zz - - I 

2 E, - - I 
z . 4 1  1 1  - 2 -  - z -  

TI I - 1 1 -  2 I -  2 
Tz I - 1 - I -  - I -  
T3 - 1 1  I -  2 I -  2 
Ta - I 1  - 1 -  - I -  

- - -  - - -  
- -  2 - -  

4. Phonon spectrum of Pbcn phase of E o  

Figures 5 and 6 present polarized Raman and IR reflectivity spectra of an LGO single crystal 
taken at 290 K and 300 K, respectively, which may serve us in working out symmetry 
relations for modes of the DL factor group. (Unfortunately. the only LGO (Ella) sample we 
had at our disposal for IR reflectivity measurements was too small to yield a good low-noise 
spectrum. Because of that figure 6 is not complete.) The mode frequencies are presented 
in table 4. The specmm is clearly divided into two regions: C-600 and 780-950 cm-’. 
Apparently, the higher-frequency modes correspond to stretch vibrations of covalent Ge-O 
bonds. Deformation modes and lattice modes have practically no gap and. most likely, a 
‘molecular’ approximation is of no value here. We thus think that a routine assignment of 
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lines for LGO, based on molecular approximation carried out without theoretical calculations 
(e.g. by the method of translationally symmetric vibrational coordinates taking into account 
mechanical interactions between vibrations of complex anions and lattice vibrations [ 1 8 ] )  
would turn out to be quite speculative (and giving not much information). Owing to the 
complexity of LGO structure, i.e. the existence of a tremendously high number of degrees of 
freedom, even such theoretical calculations may nevertheless lead to ambiguous conclusions. 

n 

0 IO0 200 300 400 500 600 aoo 900 io00 a , w  .. . .... . 
0 IO0 200 300 400 500 600 aoo 900 io00 a , w  

Figure 5. Raman specm of LGO single crystal at 290 K. 

The hypothetical structure we derived, however, possesses a unit cell of much smaller 
volume, which fact allows one to shorten considerably the burden of numerical work in 
calculating phonon dispersion curves. Knowing the D2h --f DZ phase transition mechanism, 
we can determine the dispersion curves of the DE phase by their folding transformation 
from curves of the D& phase. Figure 3 shows that the following points of the D& phase 
fold to the centre of the Brillouin zone for DZ: one I- point, two points, three M points, 
ten T points, two T points, two K points and (lastly) four r points of general direction in 
reciprocal space (24 points in total). These points are marked with circles in figure 3. By 
determining the composition of mechanical representation for these points and correlating 
irreducible representations of D& and DZ one can grasp the genesis of vibrational spectra 
of real LGO from its hypothetical structure. We undertook this procedure; the results are 
shown in table 1. Numbers standing in front of parentheses with Dih phase representations 
correspond to the number of points folding to the centre of Pbcn Brillouin zone at the 
transition. Let us note that the total mechanical representation is in a way ‘overcrowded’: it 
incorporates vibrational degrees of freedom of voids in (a) and (b) sites. Since only one-half 
of (a) and (b) sites is populated with real ions, only one-half of degrees of freedom for (a) 
and (b) sites of the enlarged cell corresponds to vibrations of real particles. It follows from 
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200 400 600 so0 1000 I200 
Wavenumbers [cm"] 

Figure 6. R reflectivity spectra of LGO single crystal at 300 K 

the right-hand part of table 1 that, for both (a) and @) sites, the degrees of freedom at 
the D& + DZ transition are distributed strictly symmetrically between vacancies and ions 
(share and share alike), so that the sets of mechanical representations of vacancies and reaI 
ions are identical. 

Since the (d) site of D& phase is fully populated, it can be considered in essence 
that vibrations of (d) oxygens in the two close-packed layers form a regular low-frequency 
phonon spectrum of such a crystal. Within this spectrum, doubly degenerate transverse shear 
modes (vibrations perpendicular to the hexade) and non-degenerate compressional modes 
(vibrations along the hexade) may be selected. Microscopical calculations are necessary to 
determine the character of phonon dispersions w(q) ;  their qualitative picture can nevertheless 
be arrived at by taking into consideration the known room-temperature values of elastic 
moduli [2] and experimental vibrational spectra (an analogous procedure is described in 
[19] in more detail). Figure 7 shows possible ordering of low-frequency dispersion curves 
for the prototypic phase of LGO. Correlations between irreducible representations of D:,, are 
given in figure 8. The relatively low value of the shear mode r,t requires formation of 
layers in LGO structure, perpendicularly to the hexagonal axis. It also follows from figure 7 
that the spectrum of Pbcn phase below 300 cm-' is formed principally of oxygen layer 
vibrations (with bonds of an ionic character). 

At our phase transition, a zone folding occurs and points of dispersion curves (marked 
with dots) fold into the centre of the low-symmetry Brillouin zone (see figure 9). There, 
the highest degeneracy of the vibrational term (sixfold) occurs for the T modes and 
q = i (bl  + t ~ )  (see figure 4). The phonon state density is of course highest in the 
most symmetrical points (r, K and M) corresponding to the centre and boundaries of the 
Brillouin zone of D& phase, as should be expected. Just these phonons have to yield the 
most intense spectral lines. Starting from this assumption, an assignment of low-frequency 
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Figure 7. Possible arrangement of dispersion curves for the proptoiype phase (aristoiype) of 
ffio. as obtained by p u p  theory with the use of the elastic constan& of LCO at 300 K. 

room-temperature spectra of LGO (up to 300 cm-I) can be performed. In accord with 
correlations in figures 4 and 7, 18 totally symmetric A, modes should be observed below 
300 cm-'; five of them are intense and originate from rll. KI, Ks, MI and Ms modes of 
the prototypic phase. In correspondence with figure 5, we assign to them the lines with 
frequencies 68,287 (or 260),131,111 and 186 cm-', respectively. As follows from figure 5 
and table 4, the total number of A, lines observed in our experiment equals practically that 
expected in this spectral range. Actually, after the transition owing to changes of mode 
symmetry and selection rules, arising structural deformations, etc. the picture we got by a 
'direct mapping' of the branches of the prototypic phase onto the Dg Brillouin zone spoils 
in comparison with the situation depicted in figure 9. At that it can also be expected that a 
redistribution of mode strengths and degeneracy lifting (increasing as the structure retracts 
from the transition point) will take place due to interactions between modes of identical 
symmetry. 

In off-diagonal Raman spectra where modes with Big (i = 1-3) symmetry are active, 
seven or eight strong lines (we suppose their origin to be also in I?, K and M modes) are 
observed; together with the number of we& lines observed, we again have the total number 
of lines close to that expected (18 lines each). Thus the room-temperature Raman spectra 
of LGO up to 300 cm-I are very well assigned as originating from modes of close-packed 
oxygen layers of the prototypic phase. 

Unfortunately, there is a much lower number of modes seen in IR spectra in comparison 
with the number of modes expected (18 for each orientation; see figure 6 and table 4). In the 
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Figure S. Compatibility relations behvween irreducible representations of D& space p u p  for 
the T and directions. 

light of the aforesaid, however, we can account for the fact that LGO remains practically IR- 
transparent up to 150 cm-': in accord with the picture of the dispersion and the correlations 
(see figure 7 and 4). r and M points of the phase D& do not yield R-active phonons in 
r point of DZ (Mz, Ms, Mg and Kj modes that yield R-active phonons at the D& + DZ 
transition lie above 130 cm-'). 

The IR strength of modes originating from Ti and Xi modes of acoustic branches should 
be low due to the smallness of corresponding induced dipole moments. Table 4 presents 
a suggested relative genesis of Raman and IR Lines observed in LGO. We however are not 
bold enough to state that it reflects the reality unambiguously. 

One point (we think it very important) related to description of the ferroelecbic phase 
transition should be dealt with here. It is the origin of the soft mode responsible for this 
phase transition. According to experimental data [3-71, the soft mode symmetry of the 
DZ + C& transition at 283.5 K is BI.. As follows from figure 7 and correlations in 
figure 4, ont of the lowest-frequency modes, phonons of such symmetry can originate from 
phonons of acoustic branches T4 (q = A(b1 + b)), TS(q = &(bl + 9)). Ks, & and 
X3. Having selected the order parameter describing the D& + Dit phase transition, we 
showed that the C3 mode of D& phase is the necessary component of this order parameter. 
This mode splits into As and BI. modes in DZ and the shifts of oxygens in close-packed 
layers (02-05, 07.08) correspond to this fact; the situation seems to disagree with neutron 
scattering data for DZ + Civ phase transition, which show the largest shifts for 01 and 
06. We suppose that these large shifts occur as a consequence of 'sensitivity' of 01 and 06 
to changes in oxygen packing within the layers. There, (even small) shifts corresponding to 
the soft mode may cause considerable rearrangements of built-in ions (Li2.2 and 01.06) into 
the (a) sites. Large positional changes of Li2 and 01, 06 may be in principle considered 
as connected with the order-disorder transition. We will deal with this point in detail in 
connection with temperature behaviour of spectra at the ferroelectric phase transition. 

Let us discuss briefly the high-frequency spectra. As shown above, isolated structural 
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Figure 9. Schematic representation of the folding to the Pbcn Brillouin zone. Note that the 
perturbation induced by the fomution of superlmice is smdl in this ease. 

fragments occurring in other substances can be extricated from the LW structure. For 
example, the chemical formula of LCO can be written as Liz[Ge(GezO&], which (if 
one adopts a substitution 0 4 Ge205) is an analogue of LizGeOs, a crystal whose 
dynamics is well studied [21,22]. These two substances contain infinite chains composed of 
GeO3 (Ge(Gez05)S) groups, with mutually close lengths of Ge-0 bonds. ScOs octahedra 
in germanates with a thortveitite structure (SczSiz07) are analogous to GeO6 and LiO6 
octahedra in LOO, which may serve as another example; the same applies to G%07 
bitetrahedra joined together into antiprisms. Here again the bond lengths are close to one 
another. Because of this similarity we suppose that high-frequency lines in Lco spectra 
may be assigned with the help of experimental and calculated data for these 'analogues'. 
We thus canied out a relative assignment of the high-frequency spectral lines by comparing 
Loo spectra with those of LizGeO3 and SczGe& (22,231 (see table 5). This assignment 
undoubtedly is highly speculative and theoretical model calculation of spectra is necessary. 
Some conclusions, apparently correct, may nonetheless be arrived at. It is obvious that 
there is a strong mixing of some 'internal' (in principle bending) vibrations of complex 
anion with external lattice vibrations in LW, at least below 550 cm-I. The extent of this 
mixing depends substantially not only on the frequency but on the type of vibration as 
well. In the high-frequency region (800-lo00 cm-') the mixing of internal vibrations with 
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lattice vibrations is insignificant. Shifts the atoms undergo at phase transitions may be 
accompanied not only with changes of orientations of a complex ion and its deformations, 
but with conformational changes as well; all this will strongly affect even frequencies of 
stretching vibrations. In the next paper of this series (devoted to ferroelectric transition in 
LGO) we will show that such phenomena really occur in LGO. 

Table 5. Frequencies of lines in the Raman and 1~ spectra of LGO single crystals at room 
IempeWure and their ass iment  to the typ of vibrations of moleculv bond. 

A8 BIZ BZS B3z BIU BZU B3u 

dbb dab ru,, 01h Elk Ellb Ella Assignments 
313 309 311 303 - 

- 
332 

366 
389 
420 

412 

540 
sh 

583 
605 

- 

- 
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- 
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39 1 
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542 

- 

- 
- 
- - - - 
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800 
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sh 
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- 
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421 
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- 

- 

- 

- 
- 
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794 
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- 
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500 

549 

- 

- 

- 
- 
- 
- 
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sh 
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91 I 
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- 

- 

- 
327 
- 
- 
367 
390 
418 
sh 
473 
503 
545 
- 
- 
- 
608 
791 
- 
- 
sh 
856 
903 

949 
- 

- 
- 
350 

389 
422 
446 
474 
514 
545 
556 
568 
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- 
- 
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83 I 
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860 
893 

- 

- 
- 

- - 
- 
353 

381 

458 
480 
52 1 

558 

579 

784 
I99 

- 

- 

- 
- 
- 

- 
- 
855 
907 

935 
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- 
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334 

364 
381 
410 
458 

516 

555 

- 

- 
- 
- 
- 
- 
- 
797 
- 
- 
854 
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- 

Isotopic studies of LizGeOa ( 6Li, ‘Li) yielded the localization of Li lines: 25C 
500 cm-I. Thus, the lowest-frequency band at about 490 cm-I of stretching vibrations of 
anion u,-(Ge-O-Ge of the A1 type) is ‘hidden’ among numerous bands of Li-0 vibrations 
and, apparently, GeO6 octahedra vibrations. At low temperatures this region really splits 
into many isolated lines. 

Analysing the formation of mom-temperature spectra of LGO from the standpoint of 
prototypic phase requires one to ‘specify’ (calculate) the following optical branches in the 
frequency region above 300 cm-I: two r4 - Z4 - M4, two rgo - Z1 + C3 - Ma + Ms, 
ra - xi - Ms. riz - &+ C4 -Mz+Mq, I-5 - C4 -M5 and I-11 - XI + C3 - M I  +M3 
for the I‘-Z-M direction, and the corresponding branches for the r-T-K direction (two 
I-4 -7’4 - hr two  IO - Ti f T 3  - Ks, rs -T3 - K3. riz -Tz +T4 - &, rs -Tz - Kz and 
rIl -TI + T3 - K5). One-half of these branches, however, belongs to voids. It is further 
required to map these branches onto the Pbcn Brillouin zone. At this stage of analysis, i.e. 
without results of numerical calculations of these dispersion branches, the solution for this 
problem i s  not yet possible. 
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5. Conclusions 

In this work we have (i) constructed a prototypic phase of hexagonal symmetry for the 
weak ferroeleceic LGO; (ii) described a hypothetical orderdisorder phase transition with 
the order parameter transforming according to reducible representation Tz @ E,; and ( i )  
shown that the E3 fraction of this order parameter may be taken as the precursor of the soft 
BI, ferroelectric mode carrying a small charge. 
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