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8.1.2.2  Melilites and related silicates

The silicates of melilite type are listed in Table 1 and classified according to Mineralogical Reference Manual as 
the group VIIIB02a [91N1, 99M1]. The silicates from group VIIIB02b have structures closely related to those of 
melilites. In the following the magnetic and related properties of silicates from both groups VIIIB02 will be 
reviewed. In addition to minerals, there are many synthetic samples which have compositions closely related to 
the melilites. Some of the above silicates will be considered in our discussion. We note that silicates from this 
group have potential applications as laser active materials [97S2]. 

8.1.2.2.1  Crystal structure. Lattice parameters

Many melilite type compounds with the general formula X2T1(T2)2O7 (X = Ca, Sr, Ba, Pb, Na, Y, Er. Tb); T1 = 
Be, Mg, Mn2+, Fe2+, Co, Cu, Zn, Cd, Al, Fe3+, Ga, Si; T2 = Si, Ge, Al, Fe3+, Ga, Be) have been synthesized either 
from a melt, by sintering or under hydrothermal conditions [58D1, 84D1, 90R1, 01B1]. Several crystal structure 
refinements on synthetic silicates have been published: Y2SiBe2O7 [69B1], CaNaAlSi2O7 [70L1], Ca2MgSi2O7

[81K1], Ca2Al2SiO7 [82K2]; Ca2BeSi2O7 [82K3]; Sr2MgSi2O7 [83K1]; Ca2CoSi2O7 [83K2]; Sr2Al2SiO7 [84K1]; 
Sr2MnSi2O7 [85K1]; Ba2MgSi2O7 [95S1]; BaCu2Si2O7 [01Y1]; Ca2VOSi2O7 [01R1]; Ca2Zn(Ge,Si)2O7 [90A1]; 
Ca2MgSi2O7 [97Y1], etc. In addition, some natural melilites were studied: (Ca,Na)2(Mg,Al)(Si,Al)2O7 [30W1], 
melilite [53S1, 96C2], Ca2Al(Al,Si)2O7 [71L1], okayamalite, Ca2SiB2O7 [00G1], etc. Many of the above silicates 

were considered as having tetragonal structure of P 4 21m type. This structure can be described as consisting of 
T22O7 dimers connected via T1 cations in tetrahedra to form a sheet like arrangement [53S1]. These sheets are 
linked together by large cations X so that a general formula X2T1T22O7 results, as for example Ca2MgSi2O7 - 
Fig. 1. In [86H1] satellite reflections and thermal behaviour anomalies in synthetic Ca2MgSi2O7 were observed. 
In [87S1] were reported electron diffraction patterns and TEM images of synthetic iron-bearing åkermanites 
exhibiting two dimensional incommensurately modulated structure. They also suggested that the formation of 
the incommensurate phase is due to a structural misfit between tetrahedral sheet and X-polyhedral layer. In 
[90R1] the role of chemical composition in the stabilization of the incommensurate phase was pointed out. 
According to [93S1], the modulation amplitude is temperature dependent and the dynamic disorder of the X-
cations may lead to the stabilization of the unmodulated melilite structure at high temperatures, only. From 
theoretical principles of the incommensurability in crystal [87J1], the incommensurate phases are intermediate 
between a commensurate high-temperature phase (unmodulated structure) and a low-temperature commensurate 
superstructure (the so called ”lock-in phase”). 
 The general reason for formation of temperature dependent modulation structures in melilites is the misfit 
between the intermediate cation layer and the sheet-like tetrahedral framework [87S1, 90A1, 90R1]. Direct 
evidence of this behaviour comes from structural studies of melilites with variable composition [90R1, 98J1]. 
Accommodation of the misfit strains within the lattice is provided by deformation of the tetrahedral layers via 
rotation about c of the tetrahedra within the [T22O7] dimers, rotation parallel and perpendicular to the layer 
planes and twisting of the T1 tetrahedra [92V1, 96T1]. The rotational distortions are accompanied by 
considerable atomic displacements. The most prominent displacements are those of the O atoms bridging T2-T2 
and T1-T2 tetrahedra, which implicates even large distortions of the coordination polyhedra of the interlayer Ca 
atoms [93H1, 97Y1, 99M2, 00M1, 00R1]. According to recent interpretations, the incommensurate modulation 
of the melilites can be directly attributed to particular ordering schemes of low-coordinated calcium sites [00R1, 
01H1]. A formal solution to the problem of modulated structure in melilites was provided by [99M2] indicating 

the coexistence of two structurally distinct components (P 4  and P21212) in the incommensurate phase. 
 In the following the crystal structures of representative melilites and related silicates will be presented, as 
well as data concerning the transitions from normal (N) to incommensurate (IC) phase. The atomic coordinates 
and thermal factors for some representative silicates are given in Table 2, while the crystal structures and lattice 
parameters are listed in Table 3. In the last years new data concerning the crystal structures were reported. There 
are also different point of view concerning this matter. Consequently we present parallely the data obtained by 
various authors. 



8.1.2.2  Melilites and related silicates [Ref. p. 85 

 Lando lt -Börnstein 
 New Ser ies III/27 I 2 

30

Åkermanite, Ca2MgSi2O7

Åkermanite, Ca2MgSi2O7, is the end member of the melilite group of minerals and usually occurs in igneous and 
metamorphic rocks, meteorites and blast furnace slags. The åkermanite and iron-åkermanite, Ca2(Fe,Mg)Si2O7,
exhibit an incommensurate (IC) structure at room temperature with modulations, having a wavelengh about 19 

Å, along [110] and [1 1 0] and they undergo a reversible phase transition to a high-temperature normal (N) 
structure in the temperature range 353 K to 523 K, depending on composition [86H1, 87S1]. Because the 
modulated structure in åkermanite is only two-dimensional and stable over a wide range of temperatures, it has 
been the subject of a variety of experimental studies to understand the physical properties associated with 
displacively-modulated phases as: differential scanning calorimetry [86H1], adiabatic calorimetry [91I1, 94M1], 
X-ray electron and neutron diffraction [86H1, 87S1, 89I1, 92S2], optical diffraction [94I1], transmission electron 
microscopy [87S1, 89I1], differential thermal analysis [87S1], dilatometry [92W1], 29Si MAS NMR [89M1], 
ultrasonic wave propagation [90L1], dielectric constant measurements [92S1], Raman spectroscopy [88S1], 
EXAFS analysis [96T1] etc. A review of earlier studies of macroscopic and microscopic changes at the IC-N 
phase transition in melilites has been also given [93S1]. 

 The crystal structure of the N phases of åkermanite is tetragonal and is described by the space group P 4 21m. 
This can be characterized by tetragonal sheets consisting of [Si2O7] dimers interconnected by tetrahedrally 
coordinated Mg cations in the form of five-membered rings. These sheets lie parallel to the (001) plane and are 
linked together along c by large Ca cations in eight-coordination sites - Fig. 1 [97Y1]. The structure commonly 
used at room temperature, is the “basic” structure and corresponds to the “normal” phase. The distribution of Mg 
and Si over T1 and T2 sites has been described as being fully ordered [81K1]. 
 Using the 57Fe NGR method, it has been found [87S1] that in Ca2(Fe,Mg)Si2O7 there exist two distinct 
[(Fe,Mg)O4] tetrahedral sites, in modulated åkermanite, and that the two sites become less distinguishable as 
temperature approaches the phase transition critical temperature, TIC-N and merge into one site in the normal 

structure. The 29Si MAS NMR spectra of Ca2MgSi2O7 [89M1] demonstrate the existence of three or more 
nonequivalent Si sites in an incommensurately modulated sample at 298 K. At elevated temperatures, these 
peaks merge into a single sharp peak at 380 K, characteristic for normal structure. According to [87S1, 93H1], 
the phase transition between IC and N structures is of second order. 
 The thermal expansion of Ca2MgSi2O7 was analyzed by [86H1] in the temperature range 373…673 K and by 
[92W1] between 293 and 473K. The thermal expansions and spontaneous strains associated with IC phase 
transitions, in Ca2MgSi2O7 and Ca2ZnSi2O7, were reported by [92W1] - Figs. 2 and 3. For temperatures more 
than 10 K, above TIC-N, the expansivities of both åkermanite and hardystonite are quite regular and were fitted 
with a relation of the form α = A+BT - Table 4. The phase transition from the normal to incommensurate phase 
with decreasing temperature is marked by a slight decrease in the a-dimension and a relatively large increase in 
the c-dimension leading to an overall increase in the unit cell volume. The behaviour at TIC-N is characteristic of a 
second or higher order phase transition. Below the phase transition (within ∼ 10 K), the thermal expansion of the 
a-axis rapidly achieves values approximately equal to those found in normal phase, whereas the c-axis shows 
anomalously low and irregular expansivity throughout this temperature range. Three regions can be observed in 
thermal expansions. 
 The macroscopic spontaneous strain, defined as the deformation of the crystal with respect to the normal 
phase, with unit cell parameters calculated using the coefficients of thermal expansion found in the normal 
phase, were determined. At T < TIC-N, there are two symmetrically independent linear spontaneous strains εi = 
li/lo-1, where i refers to [100] or [001] - Fig. 3 [92W1]. There is a considerable strain for temperatures within 10 
K of the phase transition, suggestive of a high-order phase transition. A small hysteresis of ∆l[101] in the transition 
region was observed. For this reason in [92W1] the transition was classified as “weakly first order”. The 
temperature dependences of the lattice parameters and cell volume, in the range 297 K…773 K, are given in Fig. 
4 [01K2]. The data are rather similar to those obtained from dilatometric measurements - Fig. 2. The 
incommensurate phase undergoes a phase transition IC-N at 360 K. 
 The two-dimensional modulation of the synthetic åkermanite has been studied at low temperatures [02B1]. In 
the 18…297 K temperature range the incommensurate phase does not transform in the commensurate one. The 
first order component of the modulation wave vector q between 18 and 297 K varies by 0.0018 and the intensity 
of the satellite increases with decreasing temperature by 18 % as compared to the initial value at 297 K. Thus, 
the incommensurate state varies slightly in the 18…297 K temperature range. 
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 The structural changes in Ca2MgSi2O7, associated with pressure, were analyzed [97Y1]. The IC phase, stable 
at room temperature and pressure, transforms to the N phase at ~ 1.33 GPa. The structural transition is marked 
by a small but discernible change in the slopes of unit cell parameters, as function of pressure - Fig. 5. It is 
reversible with an apparent hysteresis and was classified as a tricritical phase transition. The linear 
compressibility of the a- and c-axes are 280(10)·10–5 and 418(6)·10–5 GPa–1 for the IC phase and 299(11)·10–5

and 367(8)·10–5 GPa–1 for N phase, respectively. No significant discontinuities in Si–O, Mg–O and Ca–O 
distances were observed across the transition, except for the Ca-O1 distance which is more compressible in the 
IC phase than in the N-phase. From normal pressure to 3.79 GPa, the volume of the [SiO4] tetrahedron is 

unchanged (2.16 Å3), whereas the volumes of the [MgO4] and [CaO8] polyhedra decrease from 3.61 to 3.55(1) 
and 32.8 to 30.9(2) Å3, respectively. Intensities of satellite reflections were found to vary linearly with the 
isotropic displacement parameter of Ca and the libration amplitude of the [SiO4] tetrahedron. At normal 

pressure, there is a mismatch between the size of the Ca cations and the configuration of tetrahedral sheets which 
appears to be responsible for the formation of a modulated structure. As the pressure increases, the misfit 
diminished through the relative rotation and distortion of [MgO4] and [SiO4] tetrahedra and differential 
compression of individual Ca–O distances, concurrent with a displacement of Ca along the (110) mirror plane 
toward the O1 atoms. The high-pressure normal structure was considered as a result of the elimination of 
microdomains in the modulated structure. 
 The elastic stiffness moduli, cij, of the Ca2MgSi2O7 incommensurate phase, at room temperature, were 
measured on single crystal plates oriented parallel to (100), (001), (110) and (101) planes - Table 5 [90L1, 
90L2]. In (010) and (001) planes, the compressional modulus from longitudinal wave is considerably larger than 
the shear moduli both from in-plane and perpendicular-to-plane shear waves. The relatively small values of the 
shear moduli indicate the ease of tetrahedral rotations in response to in-plane and perpendicular-to-plane shears 
and may provide preconditions for structural changes involving shears. 

Sr2MgSi2O7

The amount of strontium in natural åkermanite, Ca2MgSi2O7, rarely exceeds 1 wt % SrO [81F1, 83K1]. The 
Sr2MgSi2O7 was synthesized, by solid state reaction [81F1], or from melt by the Czochralski method [82L1]. 

Sr2MgSi2O7 crystallizes in a tetragonal structure of P 4 21m-type [83K1] and is isomorphous with the high-
temperature phase of Ca2MgSi2O7. The tetrahedral Mg–O bond length (1.942 Å) is longer than that in 
Ca2MgSi2O7 (1.915 Å) which exhibits the flexibility of the Mg(2a) site. The atomic coordinates and anisotropic 

thermal parameters are given in Table 2. At low temperatures the crystal structure changes into P21212 space 
group [97K1, 98J1]. 

Co–åkermanite, Ca2CoSi2O7

The structure of Co-åkermanite was determined initially by [83K2] but no satellite reflections were reported. 
Later on, diffraction patterns of a synthetic sample revealed satellite reflections at room temperature [86H1, 
87S1, 93H1]. Diffraction patterns of incommensurate phase indicate that each main reflection is surrounded by 
eight satellites reflections and the Laue classes for both main and satellite reflections are 4/mmm and the 
modulation is two-dimensional with two wave vectors k1 = q(a* + b*) and k2 = q(-a* + b*), along reciprocal 

lattice directions [110]* and [ 101 ]*. Then, all the reflections were indexed with five integers and five base 
vectors were related to the three crystallographic axes and two wave vectors h = ha* + kb* + lc* + mk1 + nk2,
where a*, b* and c* are the base vectors of the reciprocal lattice of the basic cell (the unit cell derived from the 
main reflections) [93H1, 01H1]. Thus, the whole reflections were described in the (3+2) dimensional reciprocal 
space [74D1] with indices hklmn, where the multiplied integers are mn = 0 or ± 1. The basic structure is 

tetragonal of m24P 1  type. The averaged modulated structure is also tetragonal, m24P 1 . The incommensurate 

modulation of the structure was mainly ascribed to rotations and deformations of the tetrahedral units of the 
layers that cause variation of the coordination numbers of Ca atoms from six- to eightfold. We note that a variety 
of coordination numbers of Ca has been also found in other compounds of the group [98K1, 00B1, 01K1]. Four 
arrays of sixfold coordinated Ca–O polyhedra surrounding a central array of CaO4 tetrahedra form a bundle 
along [001] and many of those bundles are distributed in incommensurate structures so as to form octagons in 
the (001) projection of the structure [98K1]. 
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 The transition temperatures from incommensurate (IC) to normal (N) phase, TIC-N, given by various authors 
are somewhat different. In [93H1] a value TIC-N = 489(5) K was determined, while in [99R1] a transition 
temperature of 498(1) K was reported. A TIC-N value, smaller by ~ 5 K than the above, was also mentioned 
[90R1]. In [01K2] a value TIC-N = 493 K was reported. The crystal structure of modulated åkermanite was then 
studied in a large temperature range [97R1, 99K1, 01H1]. The system is characterized by the presence of three 
phases. The parent phase was evidenced at temperatures above TIC-N (489…498 K) until it decomposes to Co-
monticellite (CaCoSiO4) and wollastonite (CaSiO3) at 953 K and 1 bar [83K1]. The intermediate 
incommensurate phase is stable within a temperature range TIC-N > T TLI. A lock-in phase transition to a low-
temperature phase at TLI has been reported. A transition to a nearly commensurate phase (q = 0.324) was 
described by [97R1] at TLI = 158 K and a transition to a commensurate phase (q = 1/3) was observed at 242.3 K 

[99K1]. Assuming q = 1/3, the former group presented a twinned model of tetragonal (P 4 ) fragments. The latter 
group reported a twinned structure of orthorhombic individuals P21212 [01H1]. An analysis of the structure in 
the low-temperature range was performed also by [01S1]. According to the latter report, the behaviour at low 
temperatures is rather complicated as will be presented latter. According to [97R1], the phase transition was also 
accompanied by a hysteresis of q. In addition, a structure model assuming q = 1/3 was presented [00R1]. 

Although the Laue class of the diffraction data was 4/mmm they assigned the space group P 4  to the structure, 
based on the violation of the extinction rule P-21- and interpreted that the high diffraction symmetry was caused 
by the presence of twinning in the crystal. During the high-temperature studies of the incommensurate phase of 
Ca2CoSi2O7 [99K1] it was found that the hysteresis reported by [97R1] is observable in the whole stability range 
of incommensurate phase and the q values vary from 0.286 (468 K) to 1/3 (below 242.3 K). 
 Since the Ca2CoSi2O7 crystal is twinned and the apparent diffraction symmetry is 4/mmm, the structure 
parameters were obtained by a least-squares program for the refinement of twinned crystals [01H1]. The 
structure is essentially similar to that of the melilite group, but with regular arrangement of the bundles along 
[001]. A bundle is formed from four arrays of the sixfold-coordinated Ca–O polyhedra surrounding a central 
array of CoO4 tetrahedra. The distribution of the bundles determined by [01H1] is different from that reported by 
[00R1]. The structure reported by [01H1] is essentially similar to the structure given by [30W1], but it is 
characterized by the ordered arrangement of bundles of the same sixfold-coordinated Ca atoms as in the 
incommensurate structures of the åkermanite group [98K1, 01K2]. 28.5 % of Ca atoms are sixfold-coordinated 
in the incommensurate phase at 297 K, while 44.4 % of Ca atoms are sixfold-coordinated in the commensurate 
structure and all of them form bundles. Four bundles are consequently included in each commensurate cell 
[01H1]. The octagonal distribution of the bundles characterizing the incommensurate structure was not found in 
the commensurate phase, but many fractions of the octagons (3/4 of an octagon) are scattered in the structure 

instead. The feature of the structure constructed with the space group P 4  is quite different from the structure of 
P21212 type. The number of sixfold-coordinated Ca is eight in the commensurate cell and only one bundle is 
included in the unit cell. Thus, only 22.2 % of the calcium sites are sixfold coordinated and the number is less 
than that in the incommensurate structure. Many different commensurate structures with q = 1/3 can be 
constructed with the arbitrary initial phases and they indicate various arrangements of the bundles, although the 
octagonal distribution is not realized. Almost all have the symmetry P1 and no systematic extinction is expected 
for the structure [01H1]. The structures with initial phases (0,0) and (1/2,0) of the (3 + 2)-dimensional space 

group were constructed with q = 0.324 in order to compare them to the structures P 4  and P21212 having q = 1/3 
[01H1]. The two structures with q = 0.324 are similar to each other, in which the greater part of the structure is 

similar to the structure of P 4  type and the rest resembles the structure of P21212 type. The average structure of 
these two parts may also be similar to the structure proposed by [00R1]. 
 The incommensurate structure modulation of Ca2CoSi2O7 was studied, at low temperatures, by high-
resolution transmission electron microscopy (HRTEM) and electron diffraction (ED) [01S1]. The transition of 
the incommensurate to the commensurate lock-in phase exhibits a pronounced hysteresis of a highly strained 
metastable state with a characteristic microdomain morphology. A network of domain walls surrounding single 
orientation domains develop out of the room-temperature tartan pattern; the domains increase in size and their 
alignment changes from crystallographic to random. According to [01S1] the transition from the 
incommensurately modulated room-temperature phase into the lock-in phase does not occur spontaneously, but 
it is time- and temperature-dependent over a rather large temperature interval. Repeated heating-cooling regimes 
are indicative of remarkable hysteresis effects within temperature range 155 K TLI  270 K. Significant 
changes in TED patterns were observed starting at a temperature of ~ 140 K. After equilibration at 100 K, the 
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commensurately modulated low-temperature superstructure was observed, the phase transition being almost 
complete. The not exact commensurate data are in agreement with [00R1, 01H1]. In parallel, the evolution of the 
modulation structure was described by a change from a loose arrangement of octagonal tiltings into a close-
packed configuration of overlapping octagons in the commensurate low-temperature lock-in phase. Thereby, the 
octagon represent the ordered distribution of low-coordinated Ca clusters within a nanodomain extending over 4 
x 4 subunits on average [00R1]. The modulation wave vector was found to change from k1,2 = 0.295 (a* ± b*) at 
300 to k1,2 = 0.320 (a* ± b*) at 100 K [01S1]. 
 The temperature dependences of the lattice parameters and cell volumes for Ca2MgSi2O7, Ca2CoSi2O7 and 
Ca2(Mg0.55Fe0.45)Si2O7 were studied in the temperature range 297 and 773 K [01K2] - Fig. 4. The curves 
obtained for Ca2MgSi2O7 and Ca2CoSi2O7 show similar characteristics, although the transition temperatures TIC-N

are different. The variation of each a-axis gives no remarkable change around TIC-N, but the data for the c-axis 
reveals a steep depression around the transition temperature. The change of c-axis in Ca2(Mg0.55Fe0.45)Si2O7 is 
different from the other two silicates. The depression recognized on the curves of the other two compounds is not 
distinct, but instead, bends are seen, at around the transition temperature - Fig. 4c. The structures of the 
incommensurate phase of the three silicates are characterized by the presence of the six-, seven- and eight- 
coordinated Ca–O polyhedra and an array of T1O4 (T1: Co, Mg, Mg–Fe) tetrahedra in the structure. The number 
of bundles in each material decreases at elevated temperatures. The incommensurate phase undergoes a phase 
transition into the normal phase at 493 K in Ca2CoSi2O7, and at 510 K in Ca2(Mg0.55Fe0.45)Si2O7. The features of 
the structures of the normal phase are almost the same as those found in the basic structures and this implies that 
the characteristics of the structures, such as the six-coordinated Ca–O polyhedra or fragments of the bundles, 
should be partially preserved at high temperatures both in incommensurate structures and also in the structures of 
the normal phase. The analysis of the anisotropic displacement parameter showed that the disorder of the 
modulation waves was developed in the structure at high temperatures.

 The full symmetry and structure of the Ca2MgSi2O7, incommensurate phase, was theoretically analysed 
[99M2]. The average structure shows that the oxygen atoms of the SiO4 groups have large displacements in the 
(001) plane associated with a libration axis, for this group, parallel to the c-crystallographic axis. The large 
displacement ellipsoid for O1, the linking oxygen in the Si2O7 group, requires that this atom is displaced from 
the two fold axes at 1/2, 1/2, 0 implying that this symmetry element cannot be retained in the incommensurate 
structure. The Ca2+ ion also shows appreciable displacement normal to the mirror plane. In the incommensurate 
structure, the four k vectors (± k1 and ± k2) lie in the mirror planes implying that the symmetry elements of the 
little co-group of k1 are {E | 000} and {σda | 1/2 1/2 0}. This is the group of the order two with an even and an 
odd irreducible representation. Since the mirror plane must be lost, the full space group irreducible 
representation for the incommensurate structure are based on the odd representation of the little co-group. Then, 
the invariant subgroup was defined which turns individual k vectors into one another. It was concluded that the 
incommensurate structure must be based on the first two irreducible representations of the invariant subgroup of 
elements that take k1 into the other members of the star of k1 in melilite, as given below: 

{E | 000} {C2z | 000} { S4z
+  | 000} { S4z

−
 | 000} 

1 1 1 1 
1 1 –1 –1 
1 –1 i –i 
1 –1 –i i 

The appropriate representations of the space group subgroup G±kl is written: 

G±kl = [{E | 000} + {C2z | 000}] ⋅ [{E | 000} + {σda | 1/2 1/2 0}] T (1) 

 Since the invariant subgroup element {C2z | 000} which turns k1 into -k1 is even in both the relevant 
irreducible representations of the invariant subgroup, there is only one function associated with the translation 
subgroup in (1) which may be writen as cos k1t1. The complete space group subgroup is 

G = {E | 000} G±kl + { S4z
+  | 000} G±kl (2)
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where the elements {E | 000} and S4z
+  | 000} take ± k1 into ± k1 and ± k2, respectively. The element { S4z

+  | 000} 
is even and odd, respectively, implying that in the first case the modulation functions cos k1t1 and cos k2t2 are 
locally in phase (+1, +1) and in the second case they are in antiphase (+1, –1). The modulation functions act to 
create local ordering alternatives η and ξ. The order parameters η and ξ were associated uniquely with 
component structures P 4 and P21212. It is obvious from the value of the reciprocal wave vector k that the two 

component structures are not degenerate and it is likely that the simple rotation (P 4 ) is the favoured structure of 
the pair. The fact that the two structures in melilite do not overlap in space, means that possible squaring up 
effects, within the modulation pattern, will occur with failing temperature, though this is unlikely to affect both 
structures equally. The model is in agreement with 57Fe NGR study of melilite [87S1] - see section 8.1.2.2.3. It 
was shown [99M2] that the model of [93H1] appears to be based on the even representation of the litle co-group 
of k, i.e. the retention of the mirror plane, which is unlikely to be correct. 
 In [92V1] a microdomain model was envisaged for the modulated structure of melilite Ca2ZrGe2O7, in which 
there were six distinguishable distortions of the T1 tetrahedron including the two distortions analysed above 
[99M2]. The structure within domains involved simple rotation of the T1 tetrahedra with a reversal of the sense 
of rotation across the domain boundary, where additional distortions were necessarily introduced. According to 
[99M2], the model is partly correct but is not compatible with the strict symmetry criteria developed by [99M2]. 

(Ca1–xSrx)2MgSi2O7

As already mentioned, the space group of the average structure of åkermanite is m24P 1  [53S1]. Below 121 K, a 

lock-in phase maintaining the same space group has been proposed, while in case of Sr2MgSi2O7 the symmetry 
obviously changes into P21212 at low temperatures [97K1]. The temperature, TIC-N, of the phase transition from 
incommensurately modulated structure to the parent high-temperature structure mainly depends on the 
composition. According to [90R1], the transition temperature should vary between about 297 K for x = 0.05 and 
values significantly below room temperature for x ≥ 0.125. The electron paramagnetic resonance (EPR) studies 
on Ca2MgSi2O7 [96G1] and (Ca1–xSrx)2MgSi2O7 with 0.04 ≤ x ≤0.32 [97R1] doped with 1000 ppm Mn2+,
suggested that the incommensurate structure exists for all compositions at room temperature. In [98J1] by TEM 
and TED methods the same compositions were studied as in [97R1]. The TEM studies revealed 
incommensurately modulated structures at room temperature, for all compositions, in agreement with EPR data. 
Electron diffraction patterns show satellite reflections typical for two-dimensional modulation, and their 
successive destabilization with increasing Sr content. The amplitude of the modulation decreases with increasing 
Sr content until it vanishes at about x = 0.32. Just around this point, crystallization experiments have shown a 
phase separation to take place. The wavelength of the modulation was found to vary between 19.4 Å and 21.3 Å. 
There is a tendency of the Sr atoms to order in direct relation to the tartan-like modulation pattern. Hence, its 
spatial occupational distribution contributes to the incommensurate displacive modulation. The Sr ions 
incorporated into the incommensurate crystal phase are distributed in an ordered fashion and are partly adapted 
to the displacive modulation of the pure åkermanite. This means, occupational modulation even makes a 
contribution to the overall modulation characteristic in (Ca1–xSrx)MgSi2O7 system. 

Hardystonite, Ca2ZnSi2O7

The crystal structure of hardystonite, Ca2ZnSi2O7, was reported to be tetragonal, having m24P 1  space group 

[30W2, 54S1, 69L1]. The zinc tetrahedra are located at the corners and base-center of the primitive tetragonal 
lattice. All four tetrahedral oxygen atoms are shared by adjacent silicon tetrahedra and the silicon tetrahedra are 
joined in pairs forming Si2O7 groups. The linkage of zinc and silicon tetrahedra results in an heterocyclic five-
membered tetrahedral ring. The rings link together to form a corrugated sheet parallel to c(001) and the adjacent 
sheets are held together by Ca–O bonds. The Zn–O bonding appear to have considerable covalent character 
[69L1]. Thus, the structure of hardystonite, can be summarized, as consisting of [ZnSi2O7]4– sheets within which 
the nature of bonding is dominantly covalent, the adjacent sheets being held together by Ca2+ ions with the 
interlayer bonding predominantly ionic in character. 
 The synthetic [92W1] and natural [01B1] hardystonite5) (see Table 3) exhibits an incommensurate modulated 
structure. The incommensurate to normal transition temperature is TIC-N = 405 K [92W1]. The modulation is 
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two-dimensional, with tartan-like appearance; modulations vectors are )( *
2

*
11 aaq += α  and )( *

2
*
12 aaq +−= α .

A modulation wavelength λ = 19.0(4) Å was estimated by centering satellite reflection using a single crystal 
diffractometer. The chemical composition of the natural sample was slightly inhomogeneous, with stronger and 
sharper satellites in the regions where the composition approaches to Ca2ZnSi2O7 end-member. The average 

structure has space group P 4 21m [01B1]. 
 The two-dimensional modulation in hardystonite has been studied [02B1]. The incommensurate phase does 
not transform to the commensurate one in the range 18 K ≤ T ≤ 297 K. The difference in the first order 
component q of the modulation wave vector in the above temperature range is six time larger than the increase in 
Ca2MgSi2O7, and the satellite intensity increases to 4.6 times larger than the amount in Mg analogue - Fig. 6 
[02B1]. The peculiarity of the temperature dependence in the component q is the plateau-like region in the 
temperature range 60…169 K. The increase in the satellite intensity is also very small in this temperature range. 
Thus, the incommensurate phase of Ca2ZnSi2O7 was classified into two kind of states: one with a specific q = 
0.2924(3) value, in a definite temperature range, and the other with a variable q.
 The thermal expansions as well as the spontaneous strains of Ca2ZnSi2O7, are plotted in Figs. 2 and 3, 
respectively [92W1]. Since of their resemblences, the above data were already discussed parallely with those 
obtained in åkermanite. 

Ca2Mg1–xFexSi2O7

Phase relations in the system åkermanite-iron åkermanite have been summarized [74S1]. Stable solid solutions 
can be prepared up to slightly more than x = 0.80. With increasing iron content, the stability range of melilites 
narrows as the solidus temperature decreases and that of the subsolidus break-down temperature (into 
wollastonite and Ca-olivine) increases. The Fe end member can only be produced metastably, by crystallizing a 
glass, at low temperatures. The refined tetragonal lattice constants, measured at room temperature, on quenched 
samples, are given in Fig. 7 [87S1]. These refer to the “basic” melilite structure, i.e. the presence of satellite 
peaks and the doubling of the c lattice constant for x = 0.8 have not been taken into account. The lattice constants 
a display a more or less continuous S-shaped variation, whereas the apparent c lattice constants show little 
change up to x ≅ 0.7 and then an abrupt drop where the c-axis is actually doubled. At room temperature, an 
incommensurate phase with a modulation of a wavelength of about 19 Å in the [110] direction was observed. 
The compositional dependence of the melilite structural transition temperature, TIC-N, is given in Fig. 8 [87S1]. 
Upon increasing the iron content, the temperatures at which they transform to a commensurante structure, 
increase. In addition to the T2 sites, filled by Si, the incommensurate phase exhibits two distinguishable T1 sites 
containing Mg2+ and Fe2+ (see section 8.1.2.2.3). These two sites merge into one site during the phase transition 
from the incommensurate to commensurate phase. In [87S1] a structural model was proposed for the 

incommensurate phase based on the misfit between the tetrahedral (Mg2+,Fe2+)Si2O
−4

7 sheets and the Ca2+ ions. 

The temperature dependences of the lattice parameters and volume for Ca2(Mg0.55Fe0.45)Si2O7 silicate were 
plotted in Fig. 4 and analyzed comparatively with the data obtained for other melilites [01K2]. 

Ca2Mg1–xCoxSi2O7

The single crystals of åkermanite Ca2Mg1–xCoxSi2O7 solid solutions were synthesized by the floating zone 

method [89I1]. In the whole range of x, they exhibit an incommensurate phase. When increasing x the 
wavelength decreases and the amplitude of modulation increases. The diffuseness of satellite was not observed 
in this system [89I1]. The transition temperatures, TIC-N, increase from 356 K to 493 K when increasing x - Fig. 

9a [91I1]. The composition dependences of the lattice constants of the average structure are given in Fig. 10 
[96T1]. 

Ca2Mg1–xZnxSiO7

Ca2Mg1–xZnxSiO7 forms solid solutions in all the composition range. The lattice parameters a decrease while c
increases when increasing the Zn content - Fig. 11 [91I1]. The transition temperatures, TIC-N, from IC to N phase 

increase with x, from 356 K to 403 K - Fig. 9b. 
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(Ca1–xSrx)2CoSi2O7

The refined tetragonal lattice constants are given in Fig. 12 [90I1]. The lattice constants a increase almost 
linearly while the c values increase slightly concavely up to Sr/(Sr+Ca) close to 0.8 and then the increasing rate 
of both lattice constants decrease slightly. At room temperature, for 0  x  0.3, the electron diffraction pattern 
revealed satellite reflections in the (hk0) plane. The satellite peaks, at RT, disappear at x = 0.3. The modulation 
wavelength in the [110] direction is 18.8 Å for Sr/(Sr+Ca) = 0 and increases up to 19.2 Å (Sr/(Sr+Ca) = 0.05), 
19.9 Å (Sr/(Sr+Ca) = 0.15) and to 20.5 Å for Sr/(Sr+Ca) = 0.25 [91I1]. The transition temperatures, determined 
from specific heat measurements, are shown in Fig. 9c [91I1]. Although no modulated structure has been 
reported at room temperature for (SrxCa1–x)2CoSi2O7 solid solutions for x > 0.3 [90I1], the presence of the 
modulated structure may be supposed at lower temperatures [00B1]. 
 The incommensurate structure of (Sr0.13Ca0.87)2CoSi2O7, at room temperature, has been determined [00B1]. The 

silicate has also a non-centrosymmetric tetragonal basic cell with space group P 4 21m. The two-dimensional 
incommensurate structure is characterized by the wavevectors q1 = 0.286(3)(a* + b*) and q2 = 0.286(3)(–a* + b*), 
were a*, b* are the reciprocal lattice vectors of the basic structure with the (3+2) dimensional superspace group 

mP42
p4mg

1P . The structure was described in terms of displacement of atoms, rotation, distortion of CoO4 and SiO4

tetrahedra and the partial ordering of the Sr and Ca atoms accompanied with the modulation. Correlated evolution 
of these features throughout the crystal gives rise to various oxygen coordination around Ca/Sr. The wavelength of 
the modulation, λ = 19.41(3) Å, is higher than in CaCo2Si2O7 and the amplitude of modulation is smaller. 
Comparison of the derived modulated structure to that of Ca2CoSi2O7 clarified that the partial substitution of Ca by 
large alkaline-earth atoms such as Sr should decrease the distortion of the polyhedra around the cations. 
 The effects of substitution at the A-site, mentioned above, are similar to the usual temperature behaviour of 
modulated structure [00B1]. A change in the structural misfit by isomorphous substitution, as well as variation in 
temperature, affect the length of the modulation vectors. Expansion of the dimensions of the tetrahedral sheet, 
i.e. the size of pentagonal holes, stabilizes the low-temperature structural variants and contrary, the increase in 
size of A-cations stabilizes the high-temperature structural variants [90A1, 90R1]. 

Ca2Co1–xFexSi2O7

The peak intensity and the temperature of heat capacity anomaly, related to the IC-N phase transition, decreases 
with increasing Fe content and are not observed at x = 0.15, whereas the satellite reflections indicating an 
incommensurate phase are observed up to Fe/(Fe+Co) = 0.4 [91I1]. 

Gugiaite, Ca2BeSi2O7

The silicate gugiaite, Ca2BeSi2O7, was assumed to have the crystal structure of the melilite group [62P1] and 
was later refined in a tetragonal structure, having P 4 21m space group [82K3]. Be and Si atoms are completely 
ordered in the tetrahedral sites. 

Gehlenites, A2Al2SiO7 (A = Ca, Sr)

The gehlenite, Ca2Al2SiO7, crystallizes in tetragonal structure of space group P 4 21m. There are alternate layers 
of large Ca polyhedra with eight vertices, joined via edges and faces, and layers of tetrahedra of two sorts: 
T1(2a) and T2(4e) in the ratio 1:2. The T2 tetrahedra contains an unshared oxygen vertex which causes 
preferential filling of these positions by the higher charge Si4+ cations and displacement of the low charge Al3+

cations to the T1 sites. The rise of synthesis temperature can lead to disorder of the Al and Si over T1 and T2 
tetrahedra [82K2, 85S1, 89S1]. According to [82K2], the degree of disorder, w, (the fraction of Si atoms in T1 
positions), in gehlenite prepared at high temperature, is only 0.014. On the basis of structural modelling, the 
dependence of the degree of disordering on temperature was established and a value w = 0.12(2) for a sample 
obtained at 1300oC was estimated [85S1]. In case of a Ca2Al2SiO7 sample, crystallized from glass at 1300(10)oC
for 3 h or at 1000oC for 4 days, a value w = 0.14(4) was experimentally obtained [89S1]. This value is by one 
order of magnitude greater than that calculated for a single crystal from the interatomic distances [82K2]. The 
ordering of Al and Si in gehlenite was computer simulated [94T1]. The enthalpy of ordering ∆H per 2Al+2Si 
was found to be 0.52 eV; it is dominated by the nearest neighbor interaction. 
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 The strontium gehlenite, Sr2Al2SiO7, was firstly synthesized by [57D1], and later the crystal structure was 

analysed [60B1, 61D1, 84K1]. According to [84K1], synthetic Sr-gehlenite shows the same partial ordering, 
with Al in T1 tetrahedra and Al1/2Si1/2 in T2 ones, as in natural samples - Table 2. This Al/Si distribution is in 

agreement with that derived from the “bond valence” method [82B1]. Cross-hatched and lamellar structure 
observed in natural gehlenite are not caused by only Al/Si ordering. It was also concluded that the variations of 
the lattice parameters in melilites, due to the isomorphous ionic substitution, are caused mainly by the rotation of 
T1 tetrahedra and enlargement of T2-O1-T2 angles. The distortions of T1 and T2 sites in Sr2AlSiO7 are larger 

and smaller than those of T1 and T2 sites in Ca2AlSiO7, respectively [84K1]. 

 In [78L1], gehlenite, Ca2Al2SiO7, was compressed at 15…20 GPa and T ≅ 1000°C in a laser heated diamond 
anvil. Transformation to one or more phases was observed. A structure having cubic cell (a = 14.88(2) Å) has 
been shown. It was also noted that the structure can be indexed on a cubic cell, one-quarter of the above, with  
a0 = 3.719(4) Å. The density of Ca2Al2SiO7 thus produced was 8 % higher than the equivalent mixture of 
CaAl2O4 and CaSiO3 and it was postulated that the structure should be more closely packed than is the normal 
perovskite structure [78L1], in which octahedral corners are shared. The analysis of the Ca2Al2SiO7 structure, 
quenched from p = 16 GPa and 1700° C, showed that the material was a mixture of Al2O3 and Ca2AlSiO5.5. The 
latter phase has a structure analogous to CaSiO3 perovskite but with half the Si atoms replaced by Al, and charge 
balance provided by vacancies in the oxygen sublattice [91F1]. The lattice parameter, at ambient conditions, is  
a0 = 3.706(3) Å. 

Ca2MgSi2O7–Ca2Al2SiO7

The crystal structure of the åkermanite-gehlenite solid solution series have been refined by neutron diffraction 
[92S2]. The results are consistent with the ordering scheme for tetrahedrally coordinated cations, represented by 
the structural formula Ca2[MgxAl1–x][Si1+xAl1–x]O7, where by brackets are indicated the unequivalent tetrahedral 
sites. No evidence was found for the existence of phase transitions, in the samples with x ≤ 0.75, in contrast to 
the behaviour found in pure åkermanite. Tentatively, it was concluded that the P 4 21m phase is the stable 
structure at all temperatures for compositions x ≤ 0.75 [92S2]. 

Ca2Zn(GexSi1–x)2O7

Single crystals of the melilite related structure in the CaO–ZnO–SiO2–GeO2 system were grown [90A1]. The 
Ca2ZnGe1.25Si0.75O7 silicate crystallizes in P21/n space group. The tetrahedral layers are parallel to (101) and the 
stacking is along [101] (stacking period 10 Å). The tetrahedral layers are different to those of melilite, as the 
tetrahedra not only form five-membered rings, but also occur in four- and strongly distorted six-membered units. 
The layers are stacked in ABAB sequence, where the sheets A and B are symmetrically equivalent but shifted 
along [ 1 01]/2 with respect to each other. The tetrahedral sheet structure is characterized by two channel-types, 
running parallel to [101]. The first channel type is formed by the stacking of five-membered rings of tetrahedra, 
that are rotated relative to one another, Ca occupying this kind of channel being eight-coordinated. The second 
narrow channel-type is formed by an alternating sequence along [101] of four-membered and elongated six-
membered rings. Ca between these rings is in distorted octahedral coordination. 

(Ca,Na)2(Mg,Al)(Si,Al)2O7

CaNaAlSi2O7, called soda melilite, is the end member of some natural melilites having the composition 

(Ca,Na)2(Mg,Al)(Si,Al)2O7. In these melilites, order-disorder of Mg, Al and Si among the tetrahedral sites and 

diadochy of Ca, Na, ... in the 8-coordination sites constituted the main interest [53S1]. Pure soda melilite is 
stable only when obtained at pressures in excess of 4 kbar [64Y1]. For example, in [70L1] CaNaAlSi2O7 was 
synthesized at 10 kbar. The atom coordinates and vibrational parameters are given in Table 2. The occupancy of 
the T1 sites is 0.245(3) which compares well with the ideal value of 0.250. This shows that T1, in soda melilite, 
is occupied by Al1.0. The site occupancy of Si deviates only marginally from the ideal value of 0.5. From the 

above data was concluded that Al and Si atoms are ordered in the P 4 21m-type structure, while Ca and Na atoms 
are disordered [70L1]. 
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Okayamalite, Ca2SiB2O7

Okayamalite, Ca2SiB2O7, exhibits a melilite-type structure having space group P 4 21m [00G1]. Si and B are 
ordered on the T1 and T2 sites, respectively. The structure consists of layers of corner-sharing [T1O4] and 
[T22O7] groups resulting in an arrangement of tetrahedra with large pentagonal interstices projected along the c-
axis. Stacking of adjacent layers result in channels that are occupied by Ca cations. The latter are coordinated by 
eight oxygen atoms at the vertices of a distorted square antiprism. In comparison with the other melilite-type 
compounds, the cation population in okayamalite leads to the minimum structural misfit between tetrahedral and 
square-antiprism layers. 

Melilite solid solutions 

A large number of melilite solid solutions were studied. The crystal structure of some of them were already 
presented. In addition, we mention Ca2MgSi2O7–Sr2MgSi2O7 [83K1]; Ca2MgSi2O7–NaCaFe3+Si2O7;
Ca2MgSi2O7–Ca2Fe3+AlSiO7; Ca2Al2SiO7–Ca2Fe3+AlSiO7; Sr2Al2SiO7–Sr2Fe3+AlSiO7 [85A1]; Ca2Ga2SiO7–
Ca2Fe3+GaSiO7; Ca2MgSi2O7–Ca2Fe3+GaSiO7–Ca2Ga2SiO7 [86A1]; Ca2MgSi2O7–CaNaAlSi2O7; Ca2Al2SiO7–
CaNaAlSi2O7 [65E1], etc. 
 The tetragonal lattice parameters of the solid solutions are nearly linear dependent on composition [65E1, 
83K1]. This result can be explained, for example, by ideal mixing of Ca and Na in the 8-coordinated sites in 
gehlenite-soda melilite system and the mixing of Mg and Al in T1 tetrahedral sites in the åkermanite-soda 
melilite system. In both types of solid solutions there are no substitutions in T2 site which is occupied by Si. 
 The site occupancy by various elements have been studied. In the åkermanite-type melilites: Ca2MgSi2O7,
Ca2BeSi2O7, Ca2ZnSi2O7, Ca2CoSi2O7, Sr2CuSi2O7, Sr2CdSi2O7 and Sr2MgSi2O7, M2+ and Si4+ occupy T1 and 
T2 sites, respectively [85A1]. On the other hand, in gehlenite-type melilites such as Ca2Al2SiO7, Sr2Al2SiO7 and 
Ca2Ga2SiO7, T1 and T2 sites are occupied by Al or Ga and Al1.0Si1.0 or Ga1.0Si1.0, respectively [30R1, 67K2, 
71L1, 82K2, 84K1]. According to [82K2], the smaller cations occupy T2 sites, while the larger ones prefer T1 
sites. In synthetic melilite solid solutions such as Ca2MgSi2O7–NaCaFe3+Si2O7, Ca2MgSi2O7–Ca2Fe3+AlSiO7,
Ca2Al2SiO7–Ca2Fe3+AlSiO7, Sr2Al2SiO7–Sr2Fe3+AlSiO7 [85A1], as well as in natural samples, divalent cations 
such as Mg, Be, Co, Zr or Cu occupy T2 sites, but not in the case of Y2SiB2O7 [69B1]. 
 According to [83K2], the cation distribution in tetrahedral sites of melilites is controlled by the avoidance of 
a great deficiency in the electrostatic valence. Later on, [85A1] has shown that if more than two kinds of 
trivalent cations are distributed both in T1 and T2 sites, the distribution of trivalent cations cannot be explained 
by this rule and it was suggested that the average ionicity of chemical bonding in T1 and T2 sites and the 
electronegativity of cations are additional factors controlling the distribution of trivalent cations between T1 and 
T2 sites - see also section 8.1.2.2.3. 
 For crystal structures and lattice parameters of melilites see also: Ca2MgSi2O7 [61D1, 72K1, 81K1]; 
CaNaAlSi2O7 [70L1, 72K1]; Ca2Al(AlSi)2O7 [71L1]; Sr2MgSi2O7 [57D1, 60B1, 81K1, 82L1]; BaBe2Si2O7

[77R1]; Y2SiB2O7 [69B1]; Ca2Al2Si2O7 [61D1, 67K2]; (Ca,Sr)2(Mg,Co,Zn,Fe)Si2O7 [91I1]; Ca2Al2SiO7-
Ca2MgSi2O7 [65E1]; gehlenite-ferrigehlenite [78H1]; gehlenite-soda melilite-åkermanite [65S1]; melilite-
åkermanite [80B1]; strontium-copper åkermanite [69I1]; leucophane-meliphanite [80B1]. 

Fresnoites (Ba2TiSi2O8, Sr2TiSi2O8)

Fresnoite, Ba2TiSi2O8, is a non-centrosymmetric tetragonal crystal, having the space group P4bm. The fresnoite 
structure was determined by [67M1, 67M2, 69M1, 85M1]. This is formed by Si2O7 groups linked to square 
pyramidal TiO5 members, producing layers parallel to {001}. The Ba2+ cation, in ten-fold coordination, connects 
the layers - Fig. 13 [89C1]. The bonds within the sheet are predominantly covalent and the intersheet bonds are 
mainly ionic in character. The elastic properties of fresnoite are given in Table 5, and in Table 4 are listed the 
thermal expansion coefficients. Fresnoite in one of the few titanates that luminescences efficiently at room 
temperature and the explanation for this has centered on the short Ti-O interatomic distance within the TiO5

group [79B1] The synthetic samples were grown by means of the Czochralski method [76E1, 76K1]. 
 The structure of Sr2TiSi2O8 is built of [Si2O7]

6– double groups linked to Ti–O square pyramids to give flat 
sheets, and these stacks of sheets are held together by the large Sr2+ ions which occur in coordination polyhedra, 
approximating to pentagonal antiprisms. The TiO6 octahedra are deformed along their 4-fold axes. The larger 
deformation of the anionic polyhedral group leads to a high second order electric susceptibility [00Y1]. 
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Ba2VOSi2O7, Ba1.5VOSi2O7

The Ba2VOSi2O7 and Ba1.5VOSi2O7 silicates are isostructural with fresnoite [69M1]. The coordination of 
vanadium is similar to that of titanium in Ba2TiOSi2O7, containing V–O bonds forming a square pyramidal 
coordination [01R2]. However, if the sixth oxygen (O4) belonging to V in the adjacent (001) layer was included, 
a highly distorted octahedral coordination around V can be seen in both compounds. The highly distorted 
octahedra are trans connected to produce alternating long and short V–O distances along the c direction. A 
similar highly distorted octahedral coordination was visualized for Ti4+ in Ba2TiOSi2O7 that was considered 
crucial [99G1] for nonlinear optical (NLO) material showing efficient second harmonic generation (SHG). 

Ba2Ti1+xSi2–xO8, Ba2TiGe2xSi2–2xO8

Solid solutions with 0  x  0.14 have been identified [96C1]. If the excess of Ti in fresnoite substitutes directly 
for Si, then it is expected to occupy tetrahedral sites. The tetrahedrally coordinated Ti4+ has been evidenced by 
IR measurements [61T1, 72D1, 96C1]. 
 The phase diagram of Ba2TiGe2xSi2–2xO8 has been also analysed [78S1, 82I1]. 

Jeffreyite, (Ca,Na)2(Be,Al)Si2(O,OH)7

Jeffreyite crystallizes in an orthorhombic-type structure with space group C2221 [84G1]. The large supercell is 

most likely due to ordering of some or all of the minor constituents, sodium, aluminium and the hydroxyl ion, 
into distinct atomic position. 

Lovdarite, K2Na6Be4Si14O36 · 9H2O

The lovdarite crystallizes in an orthorhombic type lattice. The reported space group was P21 [75K1] or Pma2 
[81M2]. The lovardite structure may be described as a three dimensional framework of silicon and beryllium 
tetrahedra with alkali cations and water molecules in the cavities of the framework. The most outstanding feature 
of the structure is the arrangement of five tetrahedra in two three-membered rings sharing a tetrahedron. The 
strain is released by the presence of a beryllium cation in each ring [81M2]. 

Nordite, Na3(Sr,Ca)(Ce,La)(Zn,Mg)Si6O17

The asymmetric unit of the nordite cell, projected along the b-axis, is given in Fig. 14 [70B1]. The atomic 
coordinates and their equivalents, which enter into coordination polyhedra - Table 2 - are marked. All large 
cations of rare-earths (R), (Sr,Ca), Na and (Na,Mn) occur at one level 0 y/b  0.01 in the (010) plane, between 
two layers of O atoms at the levels 0.24 y/b  0.35 and –0.36 y/b  –0.22. To a first approximation, the 
coordination polyhedra around R, (Sr,Ca) and Na are square antiprisms (twisted cubes), which are eight corner 
polyhedra, whereas those around (Na,Mn) atoms are octahedra. The polyhedra are linked to form a compact 
layer by sharing 4 or 5 side (oblique) edges, and one face in the case of Na. The characteristic features of this 
layer are the quadrangular openings of two types and tetrahedral pits between the triplets of polyhedra. These 
pits, of two crystallographic types, are oriented in opposite directions. Such layers translationally repeated along 
b are connected at the levels 0.45 y/b  0.55 by Si and (Zn, Mg, Fe, Mn) atoms, all being tetrahedrally 
coordinated by O atoms. The Si tetrahedra are found in three orientations with respect to the (010) layer, one of 
these sharply differing. Si1 and Si2 are perched above the mentioned tetrahedral pits and share three or one 
common O vertices with the layer of cations in accordance with their direct or opposite orientation. The Si3 
tetrahedra are situated over the quadrangular openings between R-, (Sr,Ca)- and Na-antiprisms and the Na, Mn-
octahedron. The crossing edges of Si3-tetrahedra pertain to different layers of cations. 
 Three kinds of Si tetrahedra can be distinguished by their orientation, being of the “face”-, “vertex”- and 
“edge”-types. (Zn,Mg,Fe,Mn) tetrahedra, or more precisely, those which are arranged over the larger openings 
are all of the “edge” orientation. All Si tetrahedra have one “free” corner and three which bridge to neighboring 
tetrahedra. The vertices of the edge Si tetrahedra are common to three Si tetrahedra of the face and vertex type, 
in the ratio 2:1 or 1:2; the face and vertex tetrahedra are connected to two Si tetrahedra and one (Zn,Mg,Fe,Mn) 
tetrahedron, the later having only bridging vertices. The shared corners result in the appearance of a continuous, 
approximately flat net of tetrahedra with four-, five- and eight-membered rings in the ratio 1:2:1. The structure of 
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nordite is closely connected with the structures of the melilite and datolite-gadolinite groups and may be 
considered as an unusual combination of both. According to the dominant content of rare-earth, these silicates 
were classified as Nordite-Ce and Nordite-La [91N1]. 

Leucophane, CaNaBeSi2O6F

The crystal structure of leucophane, CaNaBeSi2O6F [67C1] is analogous to that of melilite [30Z1, 31Z1, 67N1, 
89G1], but the ordering of pairs Ca/Na, Si/Be and O/F produces both the doubling of the c-edge and the lowering 

of the symmetry from the space group P 4 21m to P212121 [67C1]. In addition, it was suggested that the true 

symmetry could be still lower, i.e. P1, because of the slight differences observed in the intensities of the 
equivalent reflections and the presence of three forbidden h00 reflections with h odd. Later on, [69C1, 89G1] 
have confirmed the orthorhombic symmetry and suggested that the observed anomalies have to be imputed to 
double reflection effects. 
 The crystal structure of leucophane is described as follows: two layers of Si–O and Be–O tetrahedra, parallel 
to (001), are arranged in the unit cell. The Si1 tetrahedron shares its vertices with two Si2 and two Be tetrahedra, 
whereas both latter tetrahedra share only three vertices: two with Si1 tetrahedra and the third with either the Be 
tetrahedron (Si2) or the Si2 tetrahedron (Be). The unshared fourth vertex of the Si2 tetrahedron is occupied by 
O2, and that of Be tetrahedron by F. All atoms of the two layers of tetrahedra are nearly superposed along the 
[001] direction, in which Si1-Si1 and Si2-Be tetrahedra alternate. Also, Ca and Na atoms, which lie in holes 
between the layers of tetrahedra, alternate in the same direction. The atomic sites are given in Table 2. 
 The orthorhombic symmetry P212121 of leucophane is lowered to triclinic P1 by the presence of rare-earths, 

R, which replace calcium (roughly one R atom for 16 calcium sites) in two of the four sites equivalent in the 
orthorhombic unit cell [92C1]. The increase of the positive charge due to presence of trivalent rare-earth (R3+)
replacing Ca2+ is balanced by the substitution of some oxygen for fluorine. Only very small substitutions of 
beryllium for silicon (Si2 site), silicon for beryllium (Be sites), or calcium for sodium (Na sites) resulted from 
the refinement of the crystal structure. The shifts of actual positions, from those coherent with an orthorhombic 
symmetry, are very low [92C1]. 

Meliphanite, Ca(Na,Ca)BeSi2O6F

Meliphanite, Ca(Na,Ca)BeSi2O6F, crystallizes in a tetragonal structure having I 4 space group [30Z1, 31Z1, 
67C1, 67D1]. The crystal structure consists of infinite sheets of SiO4 and BeO4 tetrahedra, between which Ca 

and (Na,Ca) are arranged; the coordination polyhedra of these cations are distorted trigonal prisms. The crystal 
structure of meliphanite is closely related to that of melilite and leucophane. In melilite, Si2O7 groups are 
present. They are held together by isolated MgO4 tetrahedra to form twisted sheets of tetrahedra. Between these 

sheets the calcium atoms are located. In meliphanite the positions occupied in melilite by magnesium are not 
occupied by beryllium, but by a silicon atom, and beryllium occurs in a position that in melilite is occupied by a 
silicon atom. Thus, no Si2O7 group is present in meliphanite, but SiO4 tetrahedra form intersecting zigzag chains 
that build up 16-membered rings, the centers of which are occupied by isolated SiO4 groups that are connected 
with the rings through BeO4 tetrahedra. As in melilite, the whole system of tetrahedra forms twisted sheets 
parallel to (001), which are held together by Ca and (Na,Ca) arranged between them. 

Other silicates having crystal structure related to melilites

BaM2Si2O7

The presence of BaM2Si2O7 silicates with M = Be [77R1], Mg [70B2, 98Y1], Mn [70B2, 98Y1], Co [93A1], Zn 
[70S1, 99L2] was reported. BaBe2Si2O7 crystallizes in an orthorhombic structure, in which the barium and 
oxygen atoms form an approximate h.c.p. array, [BaO7], and the silicon and beryllium atoms occupy the 
tetrahedral sites [77R1]. Alternatively, the crystal structure can be regarded as consisting of a framework of 
corner-sharing silicon and beryllium tetrahedra [Be2Si2O7] with the barium atoms occupying the tri-capped 
trigonal prism sites. The skeleton of the BaCo2Si2O7 structure is also a three-dimensional framework of corner 
sharing tetrahedra [Co2Si2O7], however, the array of the [BaO7] is highly distorted from the h.c.p. symmetry, 
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owing to the large size of the cobalt ions. Unlike BaBe2Si2O7, the [CoO4] tetrahedral units, in BaCo2Si2O7, are 
joined by two common oxygen vertices, forming one-dimensional chains. 
 The structure of BaMn2Si2O7 consists of a [Mn2Si2O7] tetrahedral framework - Fig. 15 - in which the MnO4

groups are linked into chains along the c-axis by sharing an oxygen atom. The MnO4 chains are cross linked by 
Si2O7 groups forming a three-dimensional structure and the barium atoms are located in a channel formed in the 
[Mn2Si2O7] tetrahedral framework with a distorted cube coordination [93A1, 98Y1, 99L2, 00L1]. 
 The BaCo2Si2O7 silicate crystallizes in a structure having space group C2/c [93A1]. Each cobalt ion is 
surrounded by four oxygen atoms arranged in a distorted tetrahedra. The tetrahedra are linked into chains 
through the sharing of one of the oxygen atoms. The CoO4 chains are cross linked by bridging Si2O7 groups. The 
barium ions occupy channels that run parallel to the crystallographic c-axis. 
 BaZn2Si2O7 undergoes a first order phase transition of about 523 K [99L2]. The low- temperature (LT) phase 
is iso-structural with BaCo2Si2O7. It crystallizes into a monoclinic structure having space group C2/c. The 
structure of the high-temperature (HT) phase is orthorhombic having space group Ccm21. The structures of the 
LT and HT phases are quite similar. In Fig. 16 the crystal structure of the LT phase projected along the a-axis 
and of the HT phase projected along the a and c-axes are shown. The crystal structure of the LT phase is 
composed of the tetrahedral framework [Zn2Si2O7] and isolated Ba atoms. Two silicon tetrahedra are connected 
by sharing an oxygen forming a di-silicate group, Si2O7. The di-silicate groups further share corners with the Zn 
tetrahedra, forming a three-dimensional framework. The tetrahedral framework, [Zn2Si2O7] is arranged in a 
manner such that six-membered ring channels are formed running parallel to the c-axis. The six-member ring is 
not a regular hexagron, but rather is a “rugby-ball” shaped. All the barium atoms are located in the channel and 
coordinated by oxygen atoms in both types of structures. The geometries of di-silicate groups, OSi 6

72
− , in the 

LT and HT structures, are different. In the HT structure, the Si-O-Si angle of OSi 6
72

−  is about 132.5°, while in 
the LT phase, this angle reduces to 124.8°. In addition to the connection with di-silicate groups, the Zn-
tetrahedra are linked via corner-sharing to form one-dimensional chains parallel to the c-axes. The Zn-chains are 
almost linear in the HT phase and are wriggled in the LT phase. Although the inter-chain Zn-Zn distance, in HT 
phase, is almost as short as the intra-chain distances of the LT phase, the bond connection is different. The 
connection of the Zn atoms within the chain is through the sharing of an oxygen atom, i.e., through Zn–O–Zn. 
The connection of the Zn atoms between the chains, however, is through Zn–O–Si–O–Zn. Therefore, the Zn 
tetrahedra can still be considered as a one-dimensional chain. The one-dimensional character of the M-
tetrahedron is of interest for magnetic ions, such as M2+ = Co2+ or Mn2+, with regard to magnetic interactions 
along the chains. Although all the Ba atoms are located inside the channels of the framework, the local 
coordination geometry is different for the LT and HT structures. The configuration of the di-silicate groups 
surrounding a barium atom in the HT phase seems to be more symmetrical; but only five oxygen atoms are 
bonded to a Ba atom. The Ba–O bonds form a square pyramidal polyhedron. In the LT phase, the di-silicate 
groups are tilted, but the coordination polyhedron of the barium atom becomes more regular. The lower 
coordination number of Ba atoms and the breaking of the Ba–O bonds in the HT phase may account for the 
endothermal behaviour of the phase transition. The temperature dependences of the cell parameters are plotted in 
Fig. 17 [99L2]. Below 523 K only the LT phase exists and above 563 K the silicate converts to the HT phase. At 
about 523 K, these phases coexist. The thermal expansion along the c-axis is larger than that along the b-axis. 
The lattice constant a decreases with increasing temperature. Around the transition temperature, a discontinuous 
change in the unit cell volume is observed, indicating the first order nature of the phase transition. 

BaCu2(Si1-xGex)2O7

The crystal structure of BaCu2Si2O7 was solved by [90J1]. The silicate crystallizes in a Pnma-type structure. The 
key units are obviously CuO4 squares (or flattened CuO4 tetrahedra) and Si2O7 groups made of a pair of corner 
shared SiO4 tetrahedra. The CuO4 squares are connected to each by their corners, forming 1D chains along the c-
axis (see section 8.1.2.2.2). Note that they are heavily corrugated to an intrachain Cu–O–Cu bond angle θ of 
121° for BaCu2Si2O7 and 128.4o for BaCu2Ge2O7. BaCu2(Si1–xGex)2O7 forms solid solutions in all the 
composition range. The observed lattice expansion with increasing x - Fig. 18 - can be ascribed to the smaller 
ionic radius of Si4+ (0.26 Å) as compared to Ge4+ (0.39 Å) [01Y1]. The expansion along the chain direction c
may result from the change in bond angle θ. It can be expected that the chains with θ = 120°…130°, in the 
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present compounds possess rather large antiferromagnetic couplings though these must be significantly smaller 
than those for the linear chains. 

Ba2MSi2O7, KHoCoSi2O7

The crystal structures of Ba2MSi2O7 with M = Cu [84M1] or M = Fe [72F1] were studied. The structure of 
Ba2CuSi2O7 can be described by using three kinds of polyhedra. The Ba atoms are located in irregular eight-
vertex polyhedra, with almost flat upper and lower bases (along the c-axis), that are pentagonal and trigonal, 
respectively. The Cu and Si atoms occupy slightly distorted tetrahedra. The basis of the structure consists of 
massive layers of Ba eight-vertex polyhedra that are joined by shared edges and lie approximately on one level 
along the c-axis in the (ab) plane of the cell. Such large cation layers alternate along the c-axis with layers of 
tetrahedra. The silicate tetrahedra are condensed into a diorthogroup by a bridge O atom lying on a twofold axis. 
The vertices of the [CuO4] tetrahedron link the diorthogroups into a plane network of composition [CuSi2O7] = 
[T3O7]. The free vertices of the [SiO4] tetrahedra are turned alternately to either side of the network, imparting a 
distinct polarity to the structure. The tetrahedral [T3O7] network is characteristic for melilite-åkermanite groups. 
 The structure of KHoCoSi2O7 [80R1] is similar to Ba2CuSi2O7 and is formed of [Si2O7] diorthogroups and 
“special” [CoO4] tetrahedra. It is this network which is topologically identical to that in Ba2CuSi2O7.
Replacement of K and Ho by BaBa leads only to centering of the unit cell and to a change of the symmetry 
group, while replacement of Co atoms by Cu ones, in the [T3O7] network, leads to a slight deformation of this 
special tetrahedron as result of the Jahn-Teller effect. 

R2Si3O3N4, where R is yttrium or rare-earth

Yttrium silicon oxynitrides are formed when yttrium oxide is used to promote sintering in silicon nitride and 
sialons (= Si, Al, O, N) [86B1, 94C1, 95S2]. Y2Si3O3N4, one of the most commonly encountred compound in 
sintering, is named N-melilite, because of its similarities with melilite-type silicates. The suggested structure of 
Y2Si3O3N4 was derived from åkermanite by substitution of Ca by Y, of Mg by Si and of four of the seven oxygen 
atoms by nitrogen. The positions of Y and Si atoms are well established - Table 2. The O/N distribution has been 
a subject of discussion [84R1, 86B1, 86S1, 96K1, 96M1, 97W1, 97W2, 98D1, 00F1]. Three different models 
concerning the occupation of the anions have been suggested: I (O2c, O4e, N8f); II (O/N2c, O/N4e, O/N8f); III 
(N2c, O4e, O/N8f) [00F1]. In [84R1], analyzing the structure of R2Si3O3N4 melilites, it was suggested that the 
favoured structure is that in which O atoms are at 2c and 4e sites, while N atoms are at the 8f site with two Si 
atoms (at 4e) in a SiO2N2 tetrahedron and the third Si (at 2a) forming a SiN4 tetrahedron - Fig. 19 [00F1]. This 
model was used for the refinement of the structure of Y2Si3O3N4 [97W1]. By 29Si MAS NMR measurements 
[98D1] was found a single broad peak at about –56.7 ppm, which was related to the SiO2N2 clusters. It was 
suggested that N atoms would partially occupy the 4e site and of importance is partial occupation of the 8f site 
by oxygen to removing presence of SiN4 tetrahedra. In [96M1] was reached a satisfactory refinement by 
assuming that the anion sites are occupied randomly by O/N (model II). The 15N NMR studies [96K1] suggested 
that N atoms occupy the bridging site 2c, and O atoms occupy the terminal site 4e (model III) in the two 
Si2(O,N)7 units with Si at 4e, while for the remaining two tetrahedra for Si at 2a in the unit cell, oxygen and 
nitrogen atoms (at 8f) are disordered but with an overall composition of three nitrogen and one oxygen in each 
tetrahedron (SiON3). An O/N ordering at the 8f site was proposed according to the intensity of the three peaks in 
the 15N NMR spectra [00F1]. In [97W2] the O/N ordering was investigated by neutron diffraction. It was found 
that the 2c site was occupied by 1.7 N and 0.3 O, while the remaining 6.3 N atoms were disposed at the 8f site. 
They preferred the model III. These conclusions were also drawn from X-ray single crystal determination of the 
Sm2Si3O3N4 structure [99L1]. In [00F1] has been shown theoretically that N atoms fully occupy the bridging site 
(2c) and O atoms fully occupy the terminal site (4e) with 2O and 6N atoms at the bridging 8f site, in agreement 
with neutron diffraction studies [97W2]. In addition, the calculations show that there is a preferential distribution 
of the O and N atoms at the 8f site, resulting in two different local coordination of Y, as compared to only a 
single averaged crystallographic Y site. 
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Y2SiBe2O7

Diyttrium beryllate, Y2SiBe2O7, is tetragonal, having space group P 4 21m [69B1]. Y atoms lie, within distorted 
square oxygen antiprisms and silicon atoms, in isolated SiO4 tetrahedra. Beryllium atoms occupy distorted 
tetrahedra linked at one corner to form double Be2O7 pyramids oriented upward and downward relative to the c-
axis. The compound is isostructural with silicate minerals of the melilite family. The M2O7 group is capable of 
accepting various small ions of different valences, giving this structural arrangement of remarkable versatility. 

Na2Mn2Si2O7

Na2Mn2Si2O2 crystallizes in a monoclinic structure having space group P21/c [67A1]. The cell is formed from 4 

molecules, i.e.8 magnetic atoms. There are two types of lattice sites for Mn ions with different oxygen 
environment. The Mn12+ ions are situated in the center of distorted tetrahedra, formed by four O2– ions. The 
Mn22+ ions are situated in centers of triangular prisms. 

Li6[Si2O7]
Li6[Si2O7] crystallizes in a tetragonal lattice having P 4 21m space group [69W1]. 

Na2Si[Si2O7], Li2Si3O7, SiP2O7

Na2Si3O7 was prepared by [89K1, 95F1]. The single crystals have been grown in the presence of melt at 9 GPa 
and 1200°C [95F1]. The silicate crystallizes in a monoclinic structure having C2/c space group. Silicon occurs in 
both tetrahedral and octahedral coordination ([6]Si : [4]Si = 1 : 2). The SiO4 tetrahedra form a diorthosilicate 
[Si2O7] group and are linked by isolated SiO6 octahedra via shared corners into a framework of 6-membered 
([4]Si – [4]Si – [6]Si – [4]Si – [4]Si – [6]Si) and 4-membered ([4]Si – [6]Si – [4]Si – [6]Si) rings:  
< [6]Si – O > = 1.789 Å, < [4]Si – O >= 1.625 Å; [4]Si – O – [4]Si = 132.9° and the bridging oxygen is overbonded 
(s = 2.22) [95F1]. Channels parallel to the b-axis and [110] accommodate Na in irregular 6-fold coordination. 
The Na2Si3O7 structure has some topological similarity to the structure of the melilite group (e.g. åkermanite, 
[53S1]) in which the tetrahedral groups are linked via shared corners to form 5-membered ([4]Si – [4]Si – [4]Mg – 
[4]Si – [4]Mg) rings. Melilite phases have analogous stoichiometry to sodium trisilicate. There is even closer 
topological similarity with the structure of SiP2O7 [79H1] in which the sixfold coordination of Si is induced, at 
normal pressure, by a compositional control. This is built of a framework of 5-membered ([4]P – [4]P – [6]Si –  
[4]P – [6]Si) rings. The tetrahedral and octahedral groups are again linked via shared corners. According to [91F2], 
the Na2Si3O7 structure belongs to the group of structures characterized by both tetrahedral and octahedral Si and 
is stable at about 10 to 20 GPa. 
 The crystal structure of Li2Si3O7 was reported to be orthorhombic [70W1]. 
 For crystal structure of other silicates see Table 3 as well as the reports on Na3TmSi2O7 [85S2], 

Na3(YSc)Si2O7 [79M1]. 

8.1.2.2.2  Magnetic properties. Neutron diffraction data 

Gehlenite 

The temperature dependence of the magnetization in Fe-doped gehlenite in a field of 0.3 T is plotted in Fig. 20 
[83N1]. The maximum magnetization, at 4.2 K, in a field of 7 T, where an asympthotic approach to saturation 
was shown, is 1.12 emu. At low external field and 278 K it was concluded that different magnetic domains occur 
which must be postulated as consisting of mutually interacting antiparallel spins. The hysteresis loop is very 
small. An ordered state for gehlenite with many parallel spins is only reached at low temperature, but whether 
the magnetic order observed for gehlenite is a consequence of the tetrahedral groups (which are arranged in 
sheets) remains to be understood. It can be only supposed that the observed magnetization and small hysteresis 
arise from the structural pecularities of the disordered iron doped melilite structure [83N1]. 
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BaMn2Si2O7

The distances between Mn atoms, in the MnO4 chain, are not equally distributed, but appears in an alternative 
fashion, with the Mn-Mn distances of 3.398 and 3.636 Å - Fig. 15 [00L1]. The interchain Mn-Mn distances are 
3.226 Å and 3.686 Å, smaller than those of the intrachain distances. Within the chains, the manganese atoms are 
connected by sharing an oxygen atom at the tetrahedral corner (Mn–O–Mn), while the Mn atoms between the 
chains are linked through Mn–O–Si–O–Mn. The intrachain magnetic interaction should be therefore much 
stronger than that of the interchain interaction. 
 The temperature dependences of the magnetic susceptibility and of the effective magnetic moments are 
plotted in Fig. 21 [00L1]. The broad maximum near 60 K in the susceptibility is typical for a linear Heisenberg 
antiferromagnetic behaviour, describing the magnetic coupling along the individual chains of Mn ions. In the  

20 K T  160 K temperature range, the fit with a one-dimensional model [69D1] give J/kB = –7.41 K and g = 

1.98. The increase of χ values at T < 20 K is expected to be due to long-range ordering between the chains. In 
the low-temperature range, the magnetic coupling between the chains is non-negligible and thus the system 
becomes two-dimensional [00L1]. 

BaCo2Si2O7

The magnetic moments, at 12 K and 18 K, increase rapidly with the field to a saturation value p ≅ 0.4 µB/Co 
atom - Fig. 22a [93A1]. At 2.5 K and 5 K there is a little increase up to a field of 0.2 T and 0.05 T, respectively 
[93A1]. The temperature dependence of the magnetic susceptibility shows a broad maximum at ≈ 35 K and for 
120 < T < 220 K a Curie-Weiss type behaviour was evidenced - Fig. 22b. The paramagnetic Curie temperature is 
negative, Θ = –46 K. There is an antiferromagnetic coupling of the spins between nearest neighbor cobalt. 
According to [93A1], the silicate undergoes a three-dimensional magnetic transition, into a field induced weak 
ferromagnet, that is characteristic of a one-dimensional metamagnet. 

Na2Mn2Si2O7

The Na2Mn2Si2O7 crystal is magnetically isotropic at T > 26 K [67K1]. In the temperature range 100 K < T < 
300 K, a Curie-Weiss type behaviour is evidenced - Fig. 23. A very diffuse susceptibility peak is observed at 60 
K - Fig. 23c. It was suggested that the peak is due to the appearance of antiferromagnetic ordering within the 
Mn2+ ion groups. An uniaxial anisotropy of the magnetic susceptibility and a ferromagnetic moment appear 
below 26 K - Fig. 23a. This was attributed to a transition at an antiferromagnetic state with weak 
ferromagnetism. The magnetic data are given in Table 6. 

Ba2VOSi2O7, Ba1.5VOSi2O7

The temperature dependences of the magnetic susceptibilities for the above compounds are plotted in Fig. 24 
[01R2]. In case of Ba1.5VOSi2O7, the vanadium is in the V5+ state (3do), the silicate showing diamagnetism. The 
susceptibility is not temperature dependent. For Ba2VOSi2O7 the magnetic susceptibilities follow a Curie-Weiss 
behaviour. The effective moment of 1.73 µB/V ion suggests that vanadium has 3d1 (V4+) configuration. 

BaCu2(Si1–xGex)2O7

The temperature dependences of the magnetic susceptibilities of a BaCu2Si2O7 single crystal along a, b and c-

axes are shown in Fig. 25 [99T1]. Below 9.2 K a substantial drop was observed in χc, while both χa and χb

change little from 9 K to 2 K. This points to the presence of an antiferromagnetic long-range order below TN1 = 
9.2 K, with the crystallographic c-axis being the magnetic easy axis of the system. At T →0, χc retains 
substantial nonzero value, suggesting a reduction of ordered moment, presumably due to the 1D nature of the 
system. The one-dimensional character of the magnetic behaviour is also observed in the paramagnetic phase; 
the susceptibility shows a broad maximum around 180 K along all the three crystallographic directions. Fitting 
these data with a Bonner-Fisher (BF) curve [64B1] and assuming an anisotropic g factor, values ga = 2.5 and gb = 
gc = 2.2 were obtained [99T1]. We note that by fitting the thermal variation of the susceptibility for a 
polycrystalline sample with a BF curve a value g = 2.1 was obtained [00Y1]. According to [00Y1] the critical 
temperature of BaCu2Si2O7 is somewhat lower, TN1 = 8.9 K. 
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 Some magnetization isotherms for BaCu2Si2O7 and BaCu2Ge2O7 are plotted in Fig. 26. [01Y1]. The field 
dependence of magnetization for BaCu2Si2O7 is nearly linear at 5 K, in agreement with antiferromagnetic 
ordering, while BaCu2Ge2O7 shows a nonlinear variation revealing the presence of weak ferromagnetism. 
 The magnetic structure determined by neutron diffraction experiments in BaCu2Si2O7 [99T1, 01K1], shows 
that the ordered moment at low temperature, po = 0.15(3) µB, is parallel to the crystallographic c-axis. Relative 
nearest-neighbor spin alignment is ferromagnetic along the a-axis and antiferromagnetic along the b and c-axes, 
respectively. The (001) peak intensity which is the sum of nuclear and magnetic (proportional to the square of 

sublattice magnetization) peak intensities follows a power law const])[()( 21
NNo +−= −TTTITI  with TN = 9.00(5) 

K and β = 0.25(5) [01K1]. 
 The magnetic data [80S1, 99T1, 00Y1] and neutron studies [99Y1] showed that BaCu2Si2O7 should be 
considered as a quasi-1D system, dominated by strong intrachain antiferromagnetic exchange interactions. Long 
range ordering, at low temperatures, occurs owing to a much weaker interchain coupling. According to [01K1] 
the intrachain coupling is J = 24.1 meV (280 K) in BaCu2Si2O7. For BaCu2Ge2O7 a BF analysis of the high-
temperature part of the experimental χ(T) curve - Fig. 27a, yields J/kB ≅ 540 K (J = 46.5 meV) [99T1]. The AF 
exchange constant is nearly two times higher in BaCu2Ge2O7 as compared to BaCu2Si2O7. The AF spin chains in 
these two systems are formed by corner sharing CuO4 plaquettes, and the main contribution to AF interactions is 
expected to be the superexchange mechanism involving the shared O sites. The Cu2+ ions are not perfectly lined 
up, the Cu–O–Cu bond angle being smaller than 180° - Fig. 27d. The difference in J is most likely due to the 
difference in bonding angle, 124° in BaCu2Si2O7 and 135°in the Ge-based system [99T1]. A large bond angle is 
more favorable for superexchange involving oxygen. 
 An experimental study of the double gap, i.e. the separation between the magnon branch and the two-particle 
continuum, was performed by using cold neutrons [00Z1]. It was shown that the transverse excitation spectrum, 
in BaCu2Si2O7, was divided into two well-defined regions. Below ~ 4 meV the weight is entirely consolidated 
into long-lived single particle excitations. These excitations carry only a small fraction of the total spectral 
weight at higher energies, where a continuum of states becomes the dominant contribution. The spin wave 
dispersion at the 1D AF zone q|| = π was measured along the [100] and [110] reciprocal-space directions, at T = 
1.5 K [01K1]. Most measurements were performed below 4.5 meV which, as above mentioned, is the threshold 
of the excitation continuum [00Z1]. Below this energy, the spectrum is expected to be dominated by single-
particle spin-wave excitations. The corresponding dynamic structure factor and the spin-wave dispersion relation 
were analyzed by using the chain mean-field (chain-MF) approximation [97E1]. As mentioned above, a single 
nearest-neighbor Heisenberg exchange coupling constant, J, was sufficient to describe in-chain interactions. In 
order to reproduce the observed dispersion, in the perpendicular directions, three independent interchain 
exchange constants were required. The Cu2+ chain in BaCu2Si2O7 forms a rectangular lattice with nearest-
neighbor Cu–Cu distances of a/2 and b/2 along a and b-axes, respectively. The corresponding exchange 
constants were denoted by Jx and Jy - Fig. 27d. In addition, the exchange interaction J3 along the [110] direction 
(third nearest-neighbor interchain Cu–Cu distance) was considered. The parameters Dx and Dy, which are the 
anisotropy gaps for the two spin-wave branches, were included also in the dispersion relation. The in-chain 

exchange constant was fixed at J = 24.1 meV and other parameters were refined. Values Jx = –0.460(7) meV 
(ferromagnetic), Jy = 0.200(6) meV, 2J3 = 0.152(7), Dx = 0.36(2) meV and Dy= 0.21(1) meV were obtained. The 
gap induced in the quantum spin chains by the effective staggered exchange field in magnetically ordered state 
(which corresponds to the excitation energy at a point in the reciprocal space where interchain interactions 
cancel out at the RPA level) was ∆ = 2.51 meV.
 The temperature dependences of the magnetic susceptibilities for BaCu2(Si1–xGex)2O7 polycrystalline samples 
are plotted in Fig. 27 a-c [01Y1]. As compared to BaCu2Si2O7 the position of the broad maximum gradually 
shifts to higher temperature and height become lower with increasing x. By fitting the experimental data with a 
BF curve [64B1], the J parameters were determined. These increase almost linearly when increasing the Ge 
content - Fig. 27a (inset). On the Si side, the kink at 8.9 K (TN1) tends to fade away when increasing x, and 
instead another peak grows at lower temperature (TN2), its position shifting to the lower temperatures as x 
increases. The two anomalies coexist in the samples with x = 0.025 and 0.05. The Curie-like divergence, which 
is already present in the Si compound, apparently increases with x. On the Ge side, the ferromagnetic 
contribution shifts to lower temperature and disappears for x < 0.9. There are neither AF or F anomalies for 
intermediate compositions of 0.25  x  0.75 above 2 K. According to [01Y1], BaCu2(Si1–xGex)2O7 presents a 
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unique S = 1/2 1D Heisenberg antiferromagnetic (HAF) system, comprising corner-sharing but corrugated CuO 
chains with strongly composition dependent intrachain AF interactions. A tentative magnetic phase diagram at 
low temperatures is given in Fig. 28. A long-range order (LRO) sets in at TN1(Si) = 8.9 K for x = 0. As x 
increases, this transition tends to fade away and is replaced by another one with a lower TN2(Si) which decreases 
to below 2 K at x = 0.25. BaCu2Ge2O7 exhibits a weak ferromagnetism at TN1(Ge) = 8.6 K. This transition is 
sensitive to the applied field and the Si substitution as well, disappearing for (x, H) = (0.95, 0 and 1.9T). 
Similarly to the case of the Si-rich side, a low-temperature transition appears at TN2(Ge) ≅ 4 K and shows a 
peculiar field dependence. In [01Y1] a possible model was proposed to analyze the experimental data in the 
BaCu2(Si1–xGex)2O7 system. The sensitivity of the transitions to magnetic field suggests that interchain 
interactions and – µoMchain⋅H are of comparable magnitude, leading to the broadening and/or the disappearance 
of the magnetic and thermal anomalies due to the LRO. The small interchain coupling changes with the 
composition from ferromagnetic, at the Si side, to antiferromagnetic at the Ge side. It was pointed out that the 
interchain coupling can be diminished near x = 0.75, were almost completely magnetically isolated chains would 
be expected. 

8.1.2.2.3  57Fe nuclear gamma resonance (NGR) data

The melilite group of silicates was studied by the 57Fe NGR method [85A1, 86A1]. The 57Fe NGR spectrum of a 
Ca2MgSi2O7–NaCaFe3+Si2O7 sample consists of one doublet, identified to belong to Fe3+ in T1 sites. The spectra 
of Ca2MgSi2O7–Ca2Fe3+AlSiO7, Ca2Al2SiO7–Ca2Fe3+AlSiO7 or Sr2Al2SiO7–Sr2Fe3+AlSiO7 systems consist of 
two doublets - Table 7 [85A1]. The inner and outer doublets were identified to belong to Fe3+, in less distorted 
T1 and in more distorted T2 sites, respectively. The analysis of area ratios shows that the site occupancy of 
Fe3+(T1) in gehlenite is less than that in åkermanite in which the distribution of Fe3+ in T1 and T2 sites is 
apparently random. The different distributions were explained, as discussed in section 8.1.2.2.1, in terms of 
competition between minimizing the deficiency in the electrostatic valence and the preference of Al for T1 sites, 
which the isomer shift measurements show to be more ionic. 
 The quadrupole splitting was correlated with the angular distortion of the tetrahedra. The distortion was 

described in terms of σtet parameter defined as σtet = 5/)109.47-i( 2

i
θ  where θi is the O–T–O angle [71R1, 

82K2, 84K1]. As mentioned above, the quadrupole splitting, ∆Q, of Fe3+ ions located in T1 sites are smaller than 
those in T2 sites. The variation of ∆Q values as function of σtet is described by the empirical relation  

∆Q[mm/s] = 0.042 + 0.371σtet – 0.016 σ 2
tet (0 < σtet < 8) - Fig. 29. The above data seem to support the 

suggestion that ∆Q values of Fe3+, in the tetrahedral sites, depend primarily on the angular distortion of the 
tetrahedra [81H2]. 
 In the 0.50Ca2Ga2SiO7–0.50Ca2Fe3+GaSiO7 silicate, the distribution of Fe3+ and Ga3+ in T1 and T2 sites, as 
determined by 57Fe NGR, is apparently random - Table 7 -, which can be explained in terms of the electrostatic 

valence rule [86A1]. However, in the melilites 0.52 Ca2MgSi2O7–0.42 Ca2Fe3+GaSiO7–0.06 Ca2Ga2SiO7 and 

0.62 Ca2MgSi2O7–0.36 Ca2Fe3+GaSiO7–0.02 Ca2Ga2SiO7, Fe3+ shows the preference for the more ionic T1 site 
and Ga3+ for the more covalent T2 site - Table 7. If the electronegativity of Ga3+ is assumed to be larger than that 
of Fe3+, the mode of distribution of Fe3+ and Ga3+ can be explained in terms of the above mentioned hypothesis 
that a large electronegativity induces a stronger preference for the more covalent T2 site. 
 The 57Fe NGR spectra of synthetic CaMg1–xFexSi2O7 silicates with iron content x  0.8 exhibit, at or below 
room temperature, two more or less clearly resolved doublets - Fig. 30 [87S1]. In as-prepared samples, ferric 
iron is absent or is very close to the limit of detection (< 0.01 atoms per formula unit). The two doublets were 
attributed to Fe2+ situated in tetrahedral sites. The two sites become less distinguishable as temperature 
approaches the phase transition critical temperature and merge into one site in the normal structure. The 
temperature dependences of the isomer shifts, δ, and quadrupole splittings, ∆Q, for a sample with x = 0.3, are 
shown in Fig. 31 [87S1]. Both, δ and ∆Q values of the inner doublet show much less change with temperature 
than the outer doublet, until the two merge into each other. 
 The 57Fe NGR spectra of Sr2FeSi2O7 and Ba2FeSi2O7 melilites exhibit only one Fe2+ doublet [74I1]. 
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8.1.2.2.4  Perturbed angular correlation (PAC) 

Ba2(Ti0.95Hf0.05)(Ge2xSi2–2x)O8

The hafnium was introduced in Ba2(Ti0.95Hf0.05)(Ge2xSi2–2x)O8 fresnoites to provide PAC probe nuclei 181Hf/181Ta 
[89C1]. High-frequency, static nuclear electric quadrupole interactions, were observed in samples with x = 1.0 
and 0.2 and chemical considerations indicated that these interactions occurred at the Ti sites. Because the electric 
field gradients associated with these interactions were produced primarily by the apical O atoms in TiO5

tetragonal pyramids, neither the strength nor the symmetry of these interactions was very sensitive to the 
differences in the Ge–Si composition. These high-frequency interactions showed similar, non zero asymmetry 
parameters, η, at low temperatures and small-to-vanishing η values at high temperatures. A phase change is 
supposed to occur between 500 K and 700 K - Fig. 32 [89C1]. Although the perturbation functions for samples 
with x = 1.0 and 0.2 differ in the character of the respective second interactions, they both show well defined, 
high frequency static interactions over the entire temperature range. The quadrupole frequencies, ωQ, show a 

slow decrease in magnitude with temperature and the ωQ values, for the x = 0.2 sample, are higher by ~ 11 % 

than the x = 1.0 ones. The asymmetry parameters show a systematic decrease with temperature. The site 
populations, f1, are relatively constant with average values 0.67 and 0.35 for x = 1.0 and x = 0.2 samples, 
respectively. Thus, approximately 2/3 of the probe sites for x = 1, and around 1/3 of the probe sites for x = 0.2 
undergo this high-frequency interaction. The temperature dependence of the electric field gradient (EFG) at the 
Ti site was best described by a 3/2 power dependence. This result indicates that the vibrational motion of the 
quasi-one-dimensional Ti–O structure was not significantly anharmonic or anisotropic. 

8.1.2.2.5  Nuclear magnetic resonance (NMR) data 

Åkermanite, Ca2MgSi2O7

29Si MAS NMR studies were performed on Ca2MgSi2O7 [83S2, 85J1, 89M1]. The 29Si MAS NMR spectra, 
obtained in a variable temperature range, are shown in Fig. 33a [89M1]. The spectrum, at 290 K, consits of an 
intense band, at high frequency, which is not completely resolved from a number of aditional bands which 
stretch to low frequency. The 29Si chemical shift, δ, of the most intense band is –71.5 ppm. The remaining bands 
span the region to –73 ppm. The 29Si chemical shifts fall within the limits expected for the Si2O7 dimer (i.e. Q1

unit) [84M2]. The same values, δ, were also obtained (–73.7 ppm) by [85J1], although the fine structure was not 
reported. Considering the remaining spectra, it may be seen that, with increasing temperature, there is a gradual 
decrease in width of the band. This is accompanied by an inward shift of intensity. Up to, and including the 370 
K spectrum, a range of sites is present, as indicated by the partially resolved fine structure to low frequency. At 
380 K the band has collapsed into a central resonance, but with shoulders still clearly present on both sides of the 
band. The shift of the central resonance of the high-temperature form (380 K and 385 K) is –72.0 ppm [89M1]. 
The 29Si MAS NMR spectrum was decomposed in a number of Gaussian lines - Fig. 33b [89M1]. The result of 
the fitting of the variable temperature spectra are given in Fig. 33c. The intensity of each of the Gaussian band is 
shown in percentage. The figure emphasizes the continuous nature of the reduction of the number of different 
silicon environments. The incommensurate nature of the structure can produce a large number of Si sites. As 
temperature increases, the amplitude of the wave decreases and its wavelength increases until, at the phase 
transition, it disappears. Thus, it was concluded [89M1] that a manifold of sites exists at low temperatures, 
differing slightly in their Si–O–Si angles and/or Si–O bond lengths and that these sites become more similar with 
increasing temperature and merge into a single site at a phase transition, TIC-N. The strongest structural changes 
occur at 371 K. The persistence of more than one Si position to some 385 K, as contrasted to TIC-N = 349(1) K 
obtained by calorimetric method, could be rationalized if it is assumed that long-range is lost at 349 K and that 
NMR data reflect only short-range order and do not seem responsible to long-range ordering effects [89M1]. 

Gehlenite 

The chemical shifts, δ, the chemical shift tensor components and the asymmetry parameters are listed in Table 8 
[83S2]. 



8.1.2.2  Melilites and related silicates [Ref. p. 85 

 Lando lt -Börnstein 
 New Ser ies III/27 I 2 

48

Y2Si3O3N4 (N-melilite)

The 29Si MAS NMR study on Y2Si3O3N4 shows the presence of SiO2N2(Q
3) and SiO2N2(Q

4) environments. The 
isomer shift was –56.7 ppm (relative to tetramethylsilane) and full width at half height was 430 Hz [88D1, 
89H1]. 
 The 15N NMR measurements suggested that N atoms occupy the bridging site 2c and O atoms occupy the 
terminal site 4e, in the two Si2(O,N)7 units with Si at 4e, while the remaining two tetrahedra for Si at 2a in the 
unit cell, oxygen and nitrogen atoms (at 8f) are disordered but with an overall composition of three nitrogen and 
one oxygen in each tetrahedron (SiON3) [96K1]. They proposed an O/N ordering at the 8f sites according to the 
intensity of the three peaks in the 15N spectra. 
 For EPR study of Cr4+ in åkermanite see [93W1]. 

8.1.2.2.6  EXAFS data 

The local structure around Co, Zn and Sr atoms in incommensurately modulated melilite-type X2T1Si2O7 (X = 
Ca, Sr) and T1 = Mg, Co, Zn solid solutions have been investigated by EXAFS analyses [96T1]. The modulated 
structure was confirmed in Ca2–xSrxCoSi2O7 solid solutions, with 0.0 ≤ x ≤ 0.6 and for both Ca2Mg1–yCoySi2O7

and Ca2Mg1–yZnySi2O7 solid solutions, over the whole compositional range, at room temperature. 
 The actual bond distances, determined by the EXAFS method for the T1 site (Co–O, Zn–O) in the modulated 
structure, are longer than the mean bond distance obtained from the X-ray diffraction method. This was 
attributed to the libration of the T1 tetrahedra [96T1]. In Ca2–xSrxCoSi2O7 solid solutions, both the Sr–O and Co–
O distances increase, from Ca end-member to Sr end-member. These increases are 0.8 % and 0.6 %, 
respectively. This means that the local expansions of the tetrahedral sheets and of the XO polyhedra are well 
matched. In the modulated Ca2Co1–yMgySi2O7 and Ca2Zn1–yMgySi2O7 solid solutions, the actual Co–O and Zn–O 
distances for T1 sites are nearly constant in the whole compositional range. The compositional variations of the 
local structure around the cations in the solid solutions are different for the X and T1 sites. It was concluded that 
the local geometrical restriction for the size of substitued cation in X site is larger than that in T1 site. The 
dimension of the tetrahedral sheet puts restriction on the size of cations situated at the interlayer X site. 
According to [96T1], different behaviour of the local geometric restriction between the X and T1 sites is an 
important feature of the melilite structure and is also related to the modulated structure. 

8.1.2.2.7  Heat capacity 

Ca2Mg1–xCoxSi2O7; Ca2Co1–xFexSi2O7

The temperature dependences of the specific heat around the phase transitions of Ca2Mg1–xCoxSi2O7 and  
Ca2Co1–xFexSi2O7 solid solutions are plotted in Fig. 34 [91I1]. At the IC-N transition point, the heat capacity 
anomalies show the λ-type characteristic behaviour, indicating a second order transition. In case of the  
Ca2Mg1–xCoxSi2O7 system a little broadening peak is observed in the solid solutions, because of the composition 
variations, while the anomaly shape is very sharp for the end member. We note that the heat capacity of Mg-
åkermanite shows λ-peaks at a temperature which depends on the density of dislocations and misfit dislocation 
at the twin boundary. In Ca2Mg1–xFexSi2O7 [87S1] and Ca2Co1–xFexSi2O7 [91I1], the λ anomalies in Cp decrease 
with increasing Fe content while the transition temperature, TIC-N, determined by electron microscopy 
observation, rises. This unusual behaviour is ascribed to the microdomains observed in high- resolution lattice 
images. 
 For the specific heat anomaly at the IC-N phase transition see also: Ca2MgSi2O7 [86H1]; (Ca1–xSrx)2CoSi2O7

[91I1], Ca2Mg1–xZnxSi2O7 [91I1]. 
 The entropy of gehlenite, Ca2Al2SiO7 at 298.15 K and 1 kbar was reported to be 210.1(6) J/molK which 
includes a configurational contribution of 11.506 J/molK [84H1]. 

BaMn2Si2O7

The zero-field specific heat of BaMn2Si2O7 is shown in Fig. 35 [00L1]. The magnetic contribution to the specific 
heat was obtained by subtracting the lattice contribution. The broad maximum in the magnetic specific heat 
indicates that the entropy of the magnetic phase transition changes in a continuous fashion in the whole 
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temperature range. The maximum in the specific heat is shifted to lower temperatures as compared with that 
evidenced in magnetic susceptibilities. This suggests that at low temperatures the rising part of the susceptibility  
originates from further magnetic coupling. Thus, it is believed that the magnetic interactions consist of two 
stages. At high temperatures, predominant magnetic coupling occurs among the intrachain Mn ions. At low 
temperatures, long range order between the chains becomes more significant and, in this temperature range, the 
magnetic interactions become two-dimensional [00L1]. 

BaCu2(Si1–xGex)2O7

The temperature dependences of the specific heat, C/T, are plotted in Fig. 36. In case of BaCu2Si2O7 and 
BaCu2Ge2O7 the peaks located at TN1 = 8.9 K and 8.6 K, respectively, indicate the occurrence of magnetic order, 
the above values corresponding to critical temperatures. The peaks are small and broad suggesting that the 
transition is of second order [01Y1]. The small peaks, as well as the low Néel temperatures, imply that most of 
magnetic entropy is lost by short range ordering at high temperature below J/kB. Under a field of 9T the peak in 
specific heat, for BaCu2Si2O7, is pushed by 0.2 K to lower temperatures. In case of BaCu2Ge2O7 the peak is 
broadened with increasing magnetic field and another peak grows at 3…4 K. The 9 K peak is completely 
replaced by one at 3.6 K for a field of 9 T. We note that a shoulder was already present around 3 K, at zero field. 
The initially weakly ferromagnetic state of BaCu2Ge2O7 was replaced by another one at high magnetic field, 
while the antiferromagnetic order in BaCu2Si2O7 is robust. This fact can be related to the nature of interchain 
coupling [01Y1] - see section 8.1.2.2.2. 
 Two peaks at 9 K and 5 K coexist for sample with x = 0.025 and a trace of the 9 K peak is discernible up to x 
= 0.15. The low-temperature peak shifts to lower temperatures as x increases, down to below 2 K for x = 0.25, 
for which a steep leading increase is visible near 2 K [01Y1]. On the Ge-rich side, the peak at 8.6 K, 
characteristic for x = 1, disappears completely for x = 0.95 and instead another peak is seen at 4 K, as on the Si-
rich side. However, the low-temperature peak seems to appear only below 2 K even at x = 0.90. A nearly flat 
temperature dependence for C/T was seen below 5 K for x = 0.75, suggesting that the specific heat C/T contains 
a large linear term in T2 - Fig. 36b (inset) - although a sudden jump follows below 2.4 K. In this case a value γ ≅
23 mJ/K2 mol Cu was obtained, which corresponds to J/kB ≅ 240 K. This value is about half of J/kB = 448 K 
estimated from magnetic data - Fig. 27a. The discrepancy was attributed to an overestimation of γ. A 
considerable amount of Schottky contribution to the specific heat must be involved in the C/T data. This sample 
may be an almost ideal ½ Heisenberg AF chain system without any magnetic order above 2 K. According to 
[01Y1] it might be possible to realize perfect isolated 1D chains in a sample with certain composition near x = 
0.75 were AF and F interchain interactions cancel each other. 

8.1.2.2.8  Piezoelectric properties 

Ba2Si2TiO8

The fresnoite received attention for its pyroelectric, piezoelectric and surface acoustic properties [76K1, 77H1, 
77K1, 78M1, 78Y1, 79Y1, 85M1, 97H1]. In addition, the possibility of making polar glass-ceramics by the 
recrystallization of a glass having Ba2TiSi2O8 composition has been reported [81H1]. The fresnoite glass-
ceramics show a sharp sign reversal in the pyroelectric coefficient at 433 K. This effect is also characteristic for 
single crystals. Other electrical properties (dielectric constant, frequency constant, electromechanical coupling) 
show anomalies at 433 K [85M1]. The temperature dependence of the pyroelectric coefficient of a Ba2TiSi2O8

single crystal is plotted in Fig. 37 for T > 123 K. We note that the first sign reversal was evidenced at 93 K (not 
shown in figure). This was attributed to a secondary effect which gradually becomes smaller with decreasing 
temperature. A second sign reversal of the pyroelectric effect is shown at 433 K. High-temperature X-ray 
powder diffraction data, DTA and specific heat measurements gave no indication of a phase transition. To 
explain this effect, a model was developed that gave the pyroelectric coefficient in terms of changes in the 
atomic (primarily O atom) displacement with temperature [85M1]. The model, which used atomic displacement 
derived from X-ray diffraction, did not give a satisfactory explanation of the experimental data. 
 The main piezoelectric properties are listed in Table 9. The surface acoustic waves were calculated [78M1, 
79Y1]. Favorable properties were measured for the z-cut x-propagating wave [78M1]. For Ba2TiGe2–xSi2–2xO8,
the pyroelectric coefficient is positive and increases over the temperature range 298 K to 263 K [78S1]. 
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Sr2TiSi2O8

The silicate shows second harmonic generation effect, about eight times larger than that of KDP. The ultraviolet 
absorption edges of Sr2TiSi2O8 is around 270 nm [00Y1]. 

8.1.2.2.9  Optical properties 

(Ca2–xNdx)Ga2+xSi1–xO7

Because of interesting acoustic and nonlinear characteristics, due to the absence of an inversion center, silicates 
with melilite-type structure doped with luminescent ions such as Nd3+ have been synthesised. The crystal 
structure, luminescence properties and stimulated emission of (Ca2–xNdx)Ga2+xSi1–xO7 have been studied 

[86K1]. Using conventional lamp-pumping technique, pulsed stimulated emission of the wavelengths of two 
channels (4F3/2 → 4I11/2,13/2) was excited and investigated at low and room temperatures. 

Cr doped melilites 

The melilite-type compounds have been doped also with chromium ions [91A1, 91D1, 91G1, 92D1, 97S1]. 
There is no octahedral site in melilite-type structure. Thus, if melilite crystals were grown with addition of Cr 
ions, no suitable site is provided for Cr3+ ions. Therefore, if the growth atmosphere is suitable controlled, Cr 
species such as Cr4+ may selectively be doped into crystal, while preventing the presence of Cr3+ ions. The 
reports published so far agreed in the point that the most probable optical center in melilites was a Cr4+ ion, 
substituted in tetrahedral sites. The interest of melilite crystals as a laser host of Cr4+ diminished because of their 
weak emission intensity. 
 The room temperature polarized absorption spectra of Cr4+ doped åkermanite and Ga-gehlenite are shown in 
Fig. 38. Each of them exhibit a characteristic peak at around 590 nm when E || c and double natured peaks 
around 760 nm and 690 nm when E ⊥ c [91A1, 91G1, 97S1]. Polarized photoluminescence spectra of melilite 
crystals, at room temperature, show luminescence peaks around 1200 nm…1300 nm. No luminescence was 
observed in the visible range. Besides Cr4+, which is regarded as a major species in melilites, the existence of 
Cr6+ in gehlenite was also suggested from the change in absorption spectra by annealing and the dependence of 
distribution coefficient of chromium ions on growth atmosphere [97S1]. The possibility of existence of Cr3+ was 
ruled out because of a lack of luminescence in the visible range and the absence of a site of suitable size for Cr3+

to substitute. In melilites, since only the tetrahedral sites are available, substitution of Cr3+ was more difficult to 
take place than in the case of Cr4+ or Cr6+ even in N2 atmosphere. For melilites, the absorption peaks are due to 
the 3A2 → 3T1 transition and the photoluminescence peaks are ascribed to the 3T2 → 3A2 transition of the 3d2

system in a tetrahedral field. The temperature dependence of the lifetime and integrated intensity indicated that 
for Cr4+ not only non-radiative transition probability, but also radiative probability is temperature dependent, 
which is different from Cr3+. Spectral peak shifts are not obvious if the host crystal field is altered in melilites, 
because the local environment of the sites for Cr ions is possibly changed by reforming the packing feature of the 
host lattice. 

Ca2Al2SiO7, Ca2MgSi2O7, CaNaAlSi2O7

The prominent features of the Raman spectrum of Ca2Al2SiO7 are strong and polarized bands at 84 and 552 cm–1

and a very strong and polarized band at 896 cm–1. In addition, weak bands appear at ~ 371 cm–1 in the I⊥
spectrum and two weak and polarized shoulders at ∼ 662 and 1004 cm–1 - Fig. 39 [83S1]. The ν3(T-O-T) band 
appears at lower frequency (552 cm–1) in glass than that of crystalline phase (626 cm–1), and the intensity of the 
band in the 900…1200 cm–1 range in the glass spectrum is much stronger than the intensities of the 
corresponding bands in the spectrum of crystalline gehlenite. The shift of the band to lower frequency in the 
spectrum of the glass indicated that most of the Al3+ ions are tetrahedrally coordinated and act as network 
formers. The strong band at approximately ∼ 896 cm–1 in the spectrum of gehlenite glass, was attributed to the 
presence of an appreciable amount of −4

4SiO  groups in the glass network. The structure of glass having gehlenite 
composition is thus highly polymerized, with CaAl2O4 present in the network. The 0.33 nonbridging oxygens per 
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network-forming cation (Si-Al), as required by the stoichiometry of the glass to charge-balance the Ca2+ ion, 
exist in the form of SiO4

4
−

 groups in the glass network. 
 The Raman spectra of Ca2MgSiO7 and NaCaAlSi2O7 were reported by [79S1, 83S1]. The IR spectra of the 
above silicates, as well as of Ca2Al2Si2O7, were also analysed by [87S1]. In [87D1], normal coordinate 
calculations producing synthetic IR and Raman spectra were carried out on melilites. The symmetric T-Onb 
stretching vibrations of Si and Al tetrahedra, with different numbers of bridging oxygens, were separated from 
each other, but may combine individually with oscillations of bridging oxygens between Si and Al tetrahedra. 
The latter type of vibrations tends to dominate as Al/Si ratio increases. The frequencies of these vibrational 
components and the degree of such intermixing depend on T–O force constants, which vary greatly, depending 
on local bonding configurations; individual bands in the high-frequency Raman spectra cannot, in general, be 
assigned to single structural entities or fixed combinations thereof. 
 Polarized optical absorption spectra of natural gehlenite, in which Fe2+ substitutes for Al in a tetrahedral site, 
are plotted in Fig. 40 [01R1]]. There are multiple bands. Two bands with maxima around 4970 cm–1 (2012 nm,  
E ⊥ c) and 6250 cm–1 (1600 nm, E || c > E ⊥ c) were assigned to components of the 5E → 5T2 transition of 
[4]Fe2+. A band near 9220 cm–1 (1085 nm, E ⊥ c) seen in spectrum, as a shoulder on the high- energy side of the 
1600 nm band, is at too high an energy to be attributed to d-d transitions of tetrahedral Fe2+ and at too low an 
energy to be caused by Fe2+/Fe3+ intervalence charge transfer transition. Another cation site in the gehlenite 
structure that can accommodate some amount of Fe2+ is the Ca-bearing polyhedron. According to [01R1] it is 
quite possible that the shoulder is caused by spin allowed dd transitions in CaFe2+. The band assignments at about 
2800…3000 nm (3570…3330 cm–1) are difficult. The band at 2800 nm, is in a region appropriate for OH 
(probably in small amounts). The possibility to be assigned also to Fe2+ complicated the analysis. The splitting of 
the 5T2 level of [4]Fe2+ into two components, 4970 cm–1 (E ⊥ c) and 6250 cm–1 (E || c > E ⊥ c) is consistent with 
a comparatively high symmetry of the tetrahedral site that keeps all Fe–O distances equal [01R1]. 
 In [94I1] was investigated the origin of the circular diffuse scattering which appears when åkermanite is in a 
transitional state between the incommensurate and either the normal and commensurate phase, by exchanging 
the Ca atom for larger alkali- earth atoms, such as Sr, or by exchanging Mg atoms for larger atoms such as Fe 
and/or increasing the temperature, by using an optical diffraction method. Under this transitional state, the 
structure consists of many layers, whose modulation waves repeat with a layer-to-layer phase difference and 
with constant phase differences within each layer. When the incommensurate phase transforms to normal phase, 
the wavelength increases and decreases, respectively, when it transforms to the commensurate phase. 

Ba2VOSi2O7, Ba1.5VOSi2O7

The diffuse reflectance spectra of Ba2VOSi2O7 and Ba1.5VOSi2O7 - Fig. 41 - are consistent with the presence of 
V4+ and V5+ oxidation states, respectively [01R2]. Ba2VOSi2O7 shows three characteristic absorption bands at 
470, 620 and > 800 nm, which are due to short vanadyl [V = O]2+. Ba1.5VOSi2O7 does not show these 
absorptions; instead it shows an absorption edge at ~ 455 nm, which is likely due to V5+← O charge transfer. 
The second harmonic generation (SHG) response of both Ba2VOSi2O7 and Ba1.5VOSi2O7 was measured to the 
1064 nm Nd: YAG laser radiation. While Ba2VOSi2O7 shows a weak response (~ 10 times that of α-quartz), 
Ba1.5VOSi2O7 gives a much stronger response (~ 200 times that of α-quartz) almost comparable to that of 
K2(NbO)2Si4O12 [99G1]. 

Ba2Ti1+xSi2–xO8 (0  x  0.14)

If was shown [61T1] that tetrahedrally coordinated Ti, [TiO4], has a characteristic vibration between 720 and 

740 cm–1, while [TiO6] octahedra absorb at 500…600 cm–1. Comparing the IR spectra for x = 0 and x = 0.2 - Fig. 

42 - shows the appearance of a prominent band at 740 cm–1 for the sample with x = 0.2 that is absent for x = 0 
[96C1]. This suggests the presence of tetrahedrally coordination Ti4+ in the x = 0.2 sample. 

Jeffreyite

The jeffreyite crystal is biaxial negative. The refractive indices are nα = 1.625(2); nβ = 1.641(2); nγ = 1.643(2) 

and 2Vx(meas) = 40(2)º, 2Vx(calc) = 39º [84G1]. 

 For Raman spectra see also: melilites [81S1]; åkermanite, sodium melilite glasses [79S1]. 
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Tables and figures 
 
Table 1. Melilites and related silicates1) [91N1, 99M1]. 
 
Silicate Composition Group 

Åkermanite Ca2MgSi2O7 VIIIB02a 
Hardystonite Ca2ZnSi2O7 VIIIB02a 
Gugiaite Ca2BeSi2O7 VIIIB02a 
Gehlenite Ca2Al(Si,Al)2O7 VIIIB02a 
Melilite (Ca,Na)2(Al,Mg)(Si,Al)2O7 VIIIB02a 
Okayamalite Ca2SiB2O7  

Fresnoite Ba2TiO(Si2O7) VIIIB02a 

Chkalovite Na2BeSi2O6 VIIIB02b 
Jeffreyite (Ca,Na)2(Be,Al)Si2(O,OH)7 VIIIB02b 
Lovdarite K2Na6Be4Si14O36·9H2O VIIIB02b 
Nordite-(Ce) Na3(Sr,Ca)(Ce,La)(Zn,Mg)Si6O17 VIIIB02b 
Nordite-(La) Na3(Sr,Ca)( La,Ce)(Zn,Mg)Si6O17 VIIIB02b 
Leucophane NaCaBeSi2O6F VIIIB02b 
Meliphanite Ca(Na,Ca)BeSi2O6F VIIIB02b 
 
1) in addition to these minerals, the magnetic and related properties of other synthetic silicates with related  
    structures will be reviewed. (BaM2Si2O7 and Ba2MSi2O7 with M = Be, Mg, Mn, Co, Cu, Zn; KHoCoSi2O7;  
    Na2Mn2Si2O7; Na2Si3O7; Li6Si2O7; Li2Si3O7; Y2SiBe2O7; R2Si3O3N4 where R is Y or a rare-earth). 
 
Table 2. Coordinates and thermal vibration parameters. 
 
a) Melilite, CaAlNaSi2O7 – space group m24P 1 [70L1]. 
 

Atom x y z βij ⋅ 104 Site occupancy 

    β11 β22 β33 β12 β13 β23 ideal observed 

(Ca1/2Na1/2) 0.3399(2) 1/2-x 0.5134(3) 50(2) β11 71(5) 15(3) 9(2) –β13 0.50 0.4976(27) 
Al 0 0 0 18 1) β11 47(7) 0 0 0 0.25 0.2448(21) 
Si 0.1416(2) 1/2-x 0.9531(3) 9(2) β11 10(4) –3(2) –2(2) –β13 0.50 0.4554(31) 
O1 1/2 0 0.1687(12) 34(6) β11 34(16) –23(9) 0 0 0.25 nv2) 
O2 0.1428(6) 1/2-x 0.2652(9) 74(6) β11 75(12) 7(10) –12(7) –β13 0.50 nv2) 
O3 0.0852(4) 0.1747(5) 0.8120(6) 45(6) 35(6) 59(8) –13(5) 13(6) 10(6) 1.00 nv2) 
            

 
b) Åkermanite, Sr2MgSi2O7 – space group m24P 1 [83K1]. 
 

Atom Site x y z βij ⋅ 104 Site occupancy

     β11 β22 β33 β12 β13 β23 ideal  

Sr 4e 0.3345(5) 1/2-x 0.5077(1) 265(4) β11 564(15) 60(6) 58(9) –β13 1/2  
Mg 2a 0 0 0 145(41) β11 324(84) 0 0 0 1/4  
Si 4e 0.1387(2) 1/2-x 0.9438(4) 88(14) β11 256(49) 59(17) –58(18) –β13 1/2  
O1 2c 0.5 0 0.1603(5) 199(113) β11 479(213) –93(78) 0 0 1/4  
O2 4e 0.1396(6) 1/2-x 0.2528(10) 322(52) β11 340(142) –87(61) –34(63) –β13 1/2  
O3 8f 0.0793(5) 0.1915(5) 0.8034(7) 304(53) 110(49) 526(101) –10(36) 25(36) –30(59) 1  
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Table 2 (continued) 
 
c) Gehlenite, Sr2Al2SiO7 – space group m24P 1 [84K1]. 
 
Atom Site x y z βij ⋅ 104 Site occupancy 

     β11 β22 β33 β12 β13 β23 ideal  

Sr 4e 0.3382(1) 1/2-x 0.5094(2) 37(11) β11 65(2) 16(1) 3(2) –β13 1/2  
T1 2a 0 0 0 17(6) β11 55(10) 0 0 0 1/4  
T2 4e 0.1413(2) 1/2-x 0.9620(5) 6(2) β11 21(7) 5(3) 0 –β13 1/2  
O1 2c 0.5 0 0.1602(19) 30(18) β11 55(30) 16(13) 0 0 1/4  
O2 4e 0.1419(8) 1/2-x 0.2735(13) 30(7) β11 79(20) –5(10) –6(10) –β13 1/2  
O3 8f 0.0839(7) 0.1711(7) 0.8221(9) 44(9) 22(8) 61(13) –3(8) 17(10) –8(1) 1  

 
d) Fresnoite, Ba2TiSi2O8, having tetragonal structure, space group P4bm, at room temperature [85M1]. 
 
Site x y z Beq [Å2]3) 

Ba 0.32701(3) 0.82701(3) 0.0 0.99(1) 
Ti 0.0 0.0 –0.5354(3) 0.70(4) 
Si 0.1280(2) 0.6280(2) –0.5129(8) 0.70(3) 
O1 0.0 0.5 –0.6293(19) 1.44(16) 
O2 0.1259(5) 0.6259(5) –0.2051(12) 1.01(11) 
O3 0.2924(6) 0.5772(8) –0.6429(1) 1.84(13) 
O4 0.0 0.0 –0.2096(20) 1.82(18) 
 
e) Nordite – space group Pcca [70B1]. 
 
Atom x y z B [Å2]3) 

R 0.2500 0 0.3194 0.39(3) 
(Sr,Ca) 0.2500 0 0.0217(2) 0.06(5) 
M2+ 0.2500 0.5000 0.1687(3) 0.91(7) 
Si1 0.0980(7) 0.4542(23) 0.0623(4) 0.61(14) 
Si2 0.1019(7) 0.5433(23) 0.2747(4) 0.46(13) 
Si3 0.1116(5) 0.5516(7) –0.0819(4) 0.31(11) 
(Na,Mn) 0 0 0 2.05(36) 
Na 0.0696(10) 0.0125(81) 0.1693(8) 2.10(26) 
O1 0.9955(16) 0.3389(53) 0.0811(14) 0.84(10) 
O2 0.1701(18) 0.2995(71) 0.1101(12) 0.70(10) 
O3 0.1172(18) 0.3537(59) –0.0131(12) 1.49(46) 
O4 0.1019(6) 0.7640(68) 0.0672(12) 1.64(45) 
O5 0 0.6366(96) 0.2500 1.28(58) 
O6 0.1783(18) 0.7090(69) 0.2321(12) 0.83(33) 
O7 0.1221(19) 0.6503(58) 0.3532(13) 1.00(77) 
O8 0.1178(18) 0.2392(58) 0.2714(12) 1.26(40) 
O9 0.1857(15) 0.2226(58) 0.4173(14) 1.11(33) 
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Table 2 (continued) 
 
f) Leucophane, CaNaBeSi2O6F – space group P212121 [67C1]. 
 
Atom x y z Beq ·[Å2]3) 

Ca 0.1050(4) 0.8265(5) 0.9894(3) 1.23 
Na 0.0670(11) 0.8535(13) 0.5059(8) 2.33 
Si1 0.7406(5) 0.0132(7) 0.2507(4) 0.85 
Si2 0.1080(5) 0.1508(7) 0.2265(4) 0.71 
Be 0.1091(24) 0.1268(50) 0.7174(32) 1.84 
O1 0.2421(20) 0.0037(23) 0.1623(14) 1.38 
O2 0.1052(20) 0.1607(29) 0.3829(22) 1.46 
O3 0.8382(12) 0.8484(21) 0.3381(12) 1.28 
O4 0.8383(14) 0.8308(20) 0.8476(12) 1.33 
O5 0.9130(14) 0.0746(19) 0.6574(10) 1.46 
O6 0.9087(17) 0.1000(18) 0.1627(13) 1.35 
F 0.1021(13) 0.1315(17) 0.8753(9) 1.66 
 
g) N-Melilite, Y2Si3O3N4 – space group m24P 1 [97W1]4). 
 
Atom Site x y z 

Y 4e 0.3363 0.1637 0.5028 
Si1 2a 0.0 0.0 0.0 
Si2 4e 0.1442 0.3558 0.9407 
O1 2c 0.5 0.0 0.1942 
O2 4e 0.1435 0.3565 0.2827 
N 8f 0.0926 0.1623 0.7948 
 
h) BaCu2Si2O7 – space group Pnma [01Y1]. 
 
Atom Site x y z Beq  [Å2] 

Ba 4c –0.0115(3) 0.25 0.9558(2) 1.77(4) 
Ca 8d 0.2214(3) 0.0052(2) 0.7927(3) 1.80(6) 
Si 8d 0.0045(9) 0.1337(2) 0.4732(6) 0.66(8) 
O1 4c 0.0775(13) 0.25 0.4781(14) –0.01(30) 
O2 8d –0.1617(13) 0.1311(8) 0.6238(12) 1.97(25) 
O3 8d –0.0698(13) 0.1155(8) 0.2619(10) 2.33(30) 
O4 8d 0.1809(9) 0.0649(5) 0.5299(12) 0.58(22) 
 
1) since different scales were used for the different k layers, β11 of Al was not varied; 
2) was not varied as a least-square parameter; 
3) isotropic temperature factor; 
4) model I (see text). 
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Table 3. Crystal structures and lattice parameters. 
 

Lattice parameters Silicate T 
[K] 

Space 
group a [Å] b [Å] c [Å] β 

Refs. 

Åkermanite1) RT m24P 1  7.835(1)  5.010(1)  81K1, 83K1
Ca2MgSi2O7 RT m24P 1  7.8348(4)  5.0087(3)  01K2 
Åkermanite2) RT m24P 1  7.8332(6)  5.0070(6)  90L1 
Sr-åkermanite3) RT m24P 1  7.9957(10)  5.1521(9)  83K1 
(Sr0.75Ca0.25)2MgSi2O7 RT m24P 1  7.970(1)  5.122(1)  83K1 
(Sr0.50Ca0.50)2MgSi2O7 RT m24P 1  7.933(1)  5.083(1)  83K1 
(Sr0.25Ca0.75)2MgSi2O7 RT m24P 1  7.887(1)  5.045(1)  83K1 
Ca2CoSi2O7 RT m24P 1  7.8436(4)  5.0256(3)  90I1 
Ca2CoSi2O7 RT m24P 1  7.8417(6)  5.0249(3)  93H1, 94I1 
Ca2CoSi2O7 170 P21212 23.510(4) 23.510(4) 5.025(1)  01H1 
Ca2ZnSi2O7 RT m24P 1  7.83  4.99  30W2 
Ca2ZnSi2O7 RT m24P 1  7.75(5)  5.01  54S1 
Ca2ZnSi2O7 RT m24P 1  7.8240(4)  5.0159(5)  02B1 
Ca2ZnSi0.75Ge1.25O7 RT P21/n 9.112(1) 7.900(2) 9.380(1) 114.03(1)° 90A1 
Hardystonite4) RT m24P 1  7.8287(16)  5.0140(4)  69L1 
Hardystonite4) RT m24P 1  7.8279(10)  5.0138(6)  69L1 
Hardystonite5) RT m24P 1  7.800(1)  5.000(1)  01B1 
Ca2(Mg0.55Fe0.45)Si2O7 RT m24P 1  7.8679(3)  5.0144(2)  98K1 
Ca2BeSi2O7 RT m24P 1  7.48  5.04  62P1 
Ca2BeSi2O7 RT m24P 1  7.501  4.981  53G1 
Ca2BeSi2O7 RT m24P 1  7.419(1)  4.988(1)  82K3 
Ca2Al2SiO7 RT m24P 1  7.688  5.065  89S1 
Ca2Al2SiO7 RT m24P 1  7.6770(3)  5.0594(3)  82K2 
Sr2CoSiO7 RT m24P 1  8.0294(9)  5.1639(3)  90I1 
Sr2Al2SiO7 RT m24P 1  7.820(1)  5.264(1)  84K1 
Sr2Al2SiO7 RT m24P 1  7.82  5.27  60B1 
(Sr0.13Ca0.87)2CoSi2O7 RT  7.8743(4)  5.0417(2)  00B1 
Ca2Ga2SiO7 RT m24P 1  7.793(3)  5.132(2)  86K1 
Ca2SiB2O7 
(okayamalite) 

RT m24P 1  7.1248(2)  4.8177(2)  00G1 

CaNaAlSi2O7 RT m24P 1  7.6344(6)  5.0513(6)  70L1 
Melilite6) RT m24P 1  7.803(1)  5.058(1)  85A1 
Melilite7) RT m24P 1  7.816(1)  5.039(1)  85A1 
Melilite8) RT m24P 1  7.728(3)  5.084(4)  85A1 
Melilite9) RT m24P 1  7.828(1)  5.068(1)  86A1 
Melilite10) RT m24P 1  7.829(1)  5.056(1)  86A1 
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Table 3 (continued) 
 

Lattice parameters Silicate T 
[K] 

Space 
group a [Å] b [Å] c [Å] β 

Refs. 

Melilite11) RT m24P 1  7.813(3)  5.134(2)  86A1 
Melilite12) RT m24P 1  7.805(4)  5.014(2)  85A1 
Sr-melilite13) RT m24P 1  7.875(4)  5. 273(4)  85A1 
Fresnoite14) RT m24P 1  8.52(1)  5.210(1)  65A1 
Fresnoite15) RT P4bm 8.518(2)  5.211(1)  69M1 
Ba2TiSi2O8 RT P4bm 8.55  5.22  76K1 
Ba2TiSi2O8 297 P4bm 8.527(1)  5.2104(9)  85M1 
 473 P4bm 8.542(1)  5.219(1)  85M1 
 773 P4bm 8.550(2)  5.235(2)  85M1 
Sr2TiSi2O8 RT  8.3135  5.0190  00Y1 
Jeffreyite16) RT C2221 14.90(1) 14.90(1) 40.41(8)  84G1 
Lovdarite17) RT P21 78.88 6.91 7.15  75K1 
Lovdarite RT Pma2 39.58 6.93 7.15  81M2 
Nordite18) RT Pcca 14.27(3) 5.16(1) 19.45(15)  70B1 
Leucophane19) RT P212121 7.401(8) 7.420(8) 9.939(5)  67C1 
Leucophane20) RT P212121 7.401(2) 7.412(2) 9.990(2)  89G1 
Leucophane21) RT P1 7.417(4) 7.398(4) 9.984(4)  92C1 
Meliphanite22) RT 4I  10.516(2)  9.887(2)  67D1 

Na2Mn2Si2O7 RT P21/n 8.757(3) 13.294(6) 5.744(2) 90°10(2)' 69A1, 82O1 
BaZn2Si2O7 RT C2/c 7.2782(4) 12.8009(7) 13.6869(7) 90.093(6)° 99L2 
BaZn2Si2O7 553 Ccm21 7.6199(4) 13.0265(6) 6.7374(2)  99L2 
Ba2CuSi2O7 RT A2/a 8.461(2) 8.437(3) 10.712(2) 111.12(2)° 84M1 
BaMn2Si2O7 RT C2/c 7.2953(3) 12.9632(5) 14.0321(5) 90.248(2)° 00L1 
BaCo2Si2O7 RT C2/c 7.2131(6) 12.781(1) 13.762(1) 90.299(8)° 93A1 
BaCu2Si2O7 RT Pnma 6.862(2) 13.178(1) 6.897(1)  01K1 
BaCu2Si2O7 RT Pnma 6.866 13.190 6.906  90J1 
BaCu2Si2O7 RT Pnma 6.86058(8) 13.17507(17) 6.89589(8)  01Y1 
BaCu2Ge2O7 RT Pnma 7.04765(6) 13.40700(9) 7.02755(5)  01Y1 
Ba2VOSi2O7 RT P4bm 8.495(2)  5.215(2)  01R2 
Ba1.5VOSi2O7 RT P4bm 8.424(3)  5.198(2)  01R2 
Ba3NaSi2O7 RT P63/mmc, 

P63mc or 
2c6P  

5.791(4)  14.748(8)  
 

71F1 

Na3YSi2O7 RT P63/m 9.422(1)  13.790(2)  81M1 
Na3LuSi2O7 RT P63/m 9.385(1)  13.716(2)  88T1 
Na3ScSi2O7 RT Pbnm 5.354(3) 9.347(4) 13.089(4)  69S1 
Na3AlBeSi2O8 RT P212121 7.18 6.82 7.48  74H1 

Na2Si3O7
23)

 RT C2/c 8.922(2) 4.8490(5) 11.567(1) 102.64(1)° 95F1 
Na2Si3O7

24) RT P21c 7.1924(5) 10.6039(8) 9.8049(7) 120.2478(4) ° 02K1 
Na2Si3O7 

. H2O RT  7.3087 12.7246 9.0913 119.01° 00M2 
Na2Cu2Si2O7 RT I2/a 10.4906(5) 10.3762(6) 24.5349(12) 91.217° 02K1 
NaBaNdSi2O7 RT P212121 9.3274(9) 10.497(2) 14.95(2)  83B1 
KHoCoSi2O7 RT P2, Pm 

or P2/m 
8.491(2) 10.755(4) 8.488(3) 111.35(2)° 80R1 
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Table 3 (continued) 
 

Lattice parameters Silicate T 
[K] 

Space 
group a [Å] b [Å] c [Å] β 

Refs. 

Y2SiBe2O7 RT m24P 1  7.283(2)  4.755(1)  69B1 

Y2Si3O3N4 RT m24P 1  7.6137  4.9147  97W1, 97W2
Y2Si3O3N4 RT m24P 1  7.6083  4.9113  96M1 
Li6[Si2O7] RT m24P 1  7.715  4.88  69W1 
Li2Si3O7 RT Orth. 6.00 19.69 4.86  70W1 
 
1)  Ca2MgSi2O7; 
2)  Ca1.97Mg1.00Si2.01O7; 
3)  Sr2MgSi2O7; 
4) (Ca1.93Mn0.06Na0.04K0.01Pb0.01)[Zn0.93Mg0.09Al0.05Fe0.04Si1.93]O7; two data sets are for X-ray analysis by FeKα  
    (first line) and CuKα radiation, respectively 
5)  (Ca1.85Na0.14Pb0.01)(Zn0.85Al0.07Mg0.03

++ 3
02.0

3
04.0 FeMn )Si2.00O7 (average structure); 

6) 7T21.520.24
3
0.24T1270

3
0.240.490.011.99 O)SiAl(Fe)AlFe)(MgMg(Ca ++

. ; 
7) 7T21.700.15

3
0.15T10.18

3
0.140.680.011.98 O)SiAlFe()AlFeMg)(MgCa( ++ ; 

8) 7T21.00
3
0.290.71T1

3
0.210.792.00 O)SiFeAl()FeAl(Ca ++ ; 

9) 7T21.520.34
3
0.14T10.20

3
0.280.522.00 OSiGaFeGaFeMCa )()g( ++ ; 

10) 7T21.630.25
3
0.12T10.14

3
0.240.622.00 O)SiGaFe()GaFeMg(Ca ++ ; 

11) 7T21.000.75
3
0.25T10.75

3
0.252.00 OSiGaFeGaFeCa )()( ++ ; 

12) 7T21.99
3
0.01T1

3
0.480.521.530.47 O)SiFe()FeMg)(CaNa( ++ ; 

13)  7T21.00
3
0.240.76T1

3+
0.260.742.00 O)SiFeAl()FeAl(Sr + ; 

14)  natural sample; 
15) 72.000.050.020.010.960.051.95 OSi)FeMgMnTi)(CaBa( ; 
16) )OHO()SiAl(BeNaCa 0.516.491.970.140.820.191.69 ; 

17)  K2Na6Be4Si14O36·9H2O; 

18) 17
3
0.155.850.5

2
0.71.31.50.20.821.92.10.21.72.1 O)FeSi)(MnFeMgZn)(MnNa(Na)CaSr)(CaCeLa( ++ ; 

19)  CaNaBeSi2O6F; 
20) )OHF(O)SiAl(BeNaCa 0.120.9762.070.020.890.950.85 ; 
21) 212422 )OF,(OSiBeR)CaNa(Ca, ; 
22) 0.756.250.131.870.631.37 F)OAlBe(SiNaCa . 
23)  Growth in the presence of melt at 9 GPa, 1200 °C 
24)  Heating hydrous precursor Na2Si3O7 

. H2O in air stream at 440 °C 
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Table 4. Thermal expansion coefficients. 
 
Sample αa [°C –1] αc [°C –1] Refs. 

Fresnoite (Ba2TiSi2O8) 9.8 ⋅ 10–6 10.3 ⋅ 10–6 77K1 
 8.7 ⋅ 10–6 9.3 ⋅ 10–6 77H13) 
 5.7 ⋅ 10–6 9.9 ⋅ 10–6 85M14) 
Åkermanite (Ca2MgSi2O7)1) α[100] =  6.901(5) ⋅ 10-6 + 

 1.834(2) ⋅ 10–8 T 
α[100] =  –2.856(1) ⋅ 10–6 + 
 11.280(1) ⋅ 10–8 T 

92W1 

Hardystonite (Ca2ZnSi2O7)2) α[100] =  15.562(5) ⋅ 10–6 – 
 1.478(3) ⋅ 10–8 T 

α[100] =  –11.115(5) ⋅ 10–6 + 
 11.326(3) ⋅ 10–8 T 

92W1 

 
1) above ~ 95 °C; 2) above ~ 140 °C (T in °C); 3) near 273 K; 4) near room temperature. 
 
Table 5. Elastic properties, at room temperature. 
 
Silicate cij [GPa] 

 c11 c33 c44 c66 c12 c13 

Young 
modulus
E [GPa] 

Bulk 
modulus
K [GPa]

Shear 
modulus 
G [GPa] 

Poisson 
ratio 
ν 

Refs. 

Åkermanite1) 159.40 149.43 30.26 58.1 76.53 57.80 106.7 94.4 40.7 0.312 90L1 
Fresnoite2) 165.5 99.9 31.7 69.4 57.7 43.6     77H1 
Fresnoite2) 140 83 33 59 36 24     77K1 
 
1) Ca1.97Mg1.00Si2.01O7; 
2) Ba2TiSi2O8. 
 
Table 6. Magnetic properties. 
 
Silicate T 

[K] 
ps 
[µB/M atom] 

Tord 
[K] 

Θ 
[K] 

peff’
1)

 
[µB/M atom] 

Refs. 

Na2Mn2Si2O7   26 –91 5.28 67K1 
BaCo2Si2O7 2 0.4  –46 4.70 93A1 
Ba2VOSi2O7     1.73 01R2 
Ba1.5VOSi2O7     diamagnetic 01R2 
BaCu2Si2O7 2 0.15(3)||c-axis 9.00(5)   01K1 
BaCu2Ge2O7   8.6   01Y1 
Ca2CoSi2O7    –24 4.17 82S1 
Sr2CoSi2O7    –20 4.13 82S1 
 
1) determined from the Curie constant. 
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Table 7. Data obtained by 57Fe NGR method. 
 
Sample Site δ 1) 

[mm/s] 
∆Q 
[mm/s] 

DH 
[mm/s] 

A 
[%] 

Refs. 

(a)O)SiFe()FeMg)(CaNa( 7T21.99
3
0.01T1

3
0.480.521.530.47

++  Fe3+(T1) 
Fe3+(T2) 

0.100 
– 

1.202(6) 
– 

0.41(1) 
– 

100 
– 

85A1 

(b)O)Al(Fe)AlFe)(MgMg(Ca 7T21.520.24
3
0.24T10.27

3
0.240.490.011.99 Si++  Fe3+(T1) 

Fe3+(T2) 
0.095(3) 
0.078(2) 

1.161(5) 
1.825(4) 

0.36(1) 
0.29(1) 

50(1)
50(1)

85A1 

(c)O)SiAl(Fe)AlFe)(MgMg(Ca 7T21.700.15
3
0.15T10.18

3
0.140.680.011.98

++  Fe3+(T1) 
Fe3+(T2) 

0.107(4) 
0.096(2) 

1.256(7) 
1.930(5) 

0.33(1) 
0.28(1) 

47(1)
53(1)

85A1 

(d)O)SiFeAl()FeAl(Ca 7T21.00
3
0.290.71T1

3
0.210.792.00

++  Fe3+(T1) 
Fe3+(T2) 

0.154(3) 
0.125(4) 

1.086(6) 
1.888(6) 

0.37(2) 
0.30(1) 

43(2)
57(2)

85A1 

(e)O)SiFeAl()FeAl(Sr 7T21.00
3
0.240.76T1

3
0.260.742.00

++  Fe3+(T1) 
Fe3+(T2) 

0.184(3) 
0.145(4) 

1.322(7) 
1.780(7) 

0.38(2) 
0.29(1) 

52(2)
48(2)

85A1 

7T21.520.34
3
0.14T10.20

3
0.280.522.00 OSiGaFeGaFeMCa )()g( ++  Fe3+(T1) 

Fe3+(T2) 
0.216(6) 
0.119(6) 

0.866(8) 
1.841(5) 

0.53(1) 
0.30(1) 

66(2)
34(2)

86A1 

7T21.630.25
3
0.12T10.14

3
0.240.622.00 O)SiGaFe()GaFeM(Ca ++g  Fe3+(T1) 

Fe3+(T2) 
0.219(5) 
0.129(5) 

0.895(6) 
1.856(4) 

0.558(8) 
0.309(7) 

68(1)
32(1)

86A1 

7T21.000.75
3
0.25T10.75

3
0.252.00 O)SiGaFe()GaFe(Ca ++  Fe3+(T1) 

Fe3+(T2) 
0.151(9) 
0.125(5) 

0.84(1) 
1.816(9) 

0.52(2) 
0.35(2) 

50(2)
50(2)

86A1 

1) relative to α -Fe. 
 
Table 8. Data obtained by 29Si MAS NMR spectroscopy. 
 
Silicate δij [ppm]1) η4) Refs. 

 δi
2) δ11 δ22 δ33 ∆δ3)   

Åkermanite –73 –134 –84 –1 108 0.69 83S2 
(Ca2MgSi2O7)        
Åkermanite –73.3      85J1 
Åkermanite:        
 central line –71.5      89M1 
 other lines –73       
Gehlenite –72 –122 –74 –20 78 0.92 83S2 
(Ca2Al2SiO7)        
Y2Si3O3N4 –56.7      88D1, 89N1 
Na2Si3O7 –91.9 (Q3) 

–102.5 (Q4) 
     02K1 

 
1) relative to TMS; 2) isotopic chemical shift; 3) ∆δ = δ33 – 1/2(δ11 + δ22); 4) η = (δ22 – δ11) (δ33 – δi)–1. 
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Table 9. Piezoelectric properties (kij: electromechanical coupling factor, f: resonance frequencies, dij: 
piezoelectric constant; εij: dielectric constant). 
 
Sample kij f [Hz] dij [C/N] ⋅ 1012 εij Piezoelectric 

coupling 
constant (k2) 

Temperature coeff. 
of resonance 
frequency [10–6/K] 

Temperature 
coeff. 
of delay 10–6 [K–1]

Refs. 

Ba2TiSi2O8 k15 = 0.28 
 
k31 = 0.10 
 
k33 = 0.11 

1400 
 
2700 
 
2100 

|d15| = 18 
 
|d31| = 2.7 
 
d33 = 3.8 

T
11

ε = 151) 
 

T
33

ε = 111) 
 

0.0053 –33(2); –38(1)2) for 
(110) plate 
253 K ≤ T ≤ 353 K 
 
–47 

38 
 
for Y-propagation  
direction on the  
X-cut surface 

76K1,
77K1 

Ba2TiSi2O8 
 
k15 = 0.34 
 
kt = 0.23 

 T
113

d = 283) 

T
311

d = 9.53) 

T
333

d = 123) 

 

ε1 = 12.54) 
 
 

ε3 = 8.554) 

    
77H1 

Ba2TiSi2O8     0.016(3)  51     Z-cut, X 
propagating 
surface 

78M1 

Ba2TiSi2O8     0.0158… 
0.0165 

 38     Z-axis 
cylinder cuts 

79Y1 

 
1) at 1 kHz; 2) values for fundamental and second mode; 3) in 10–8 esu dyn–1; 4) at 10 MHz and 293 K. 
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Fig. 1. Ca2MgSi2O7. Crystal structure at room temperature (a) viewed along 
[001] and (b) viewed along [100]. Atomic displacement ellipsoids are drawn 
at the 99 % probability density level [97Y1]. 
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Fig. 2. Ca2MgSi2O7 (a), Ca2ZnSi2O7 (b). Linear and volume expansions. Curves for [100] and [101]c were directly measured 
and those for [001] and V were calculated [92W1]. 
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Fig. 3. Ca2MgSi2O7 (a), Ca2ZnSi2O7 (b). Spontaneous strain calculated from the thermal expansion [92W1]. 
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Fig. 4. Ca2CoSi2O7 (a); Ca2MgSi2O7 (b); Ca2(Mg0.55Fe0.45)Si2O7 (c). Variation of cell parameters with temperature. In (d) are 
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Fig. 13. Fresnoite, Ba2TiSi2O8. Structure projected onto the c-axis (top) and b-axis (bottom) [89C1]. 
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Fig. 16(a, b). For caption see next page 
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Fig. 16. BaZn2Si2O7. The crystal 
structure. High-temperature phase
projected along a- (a) and c-axis (b);
(c) low-temperature phase projected 
along a-axis [99L2]. 
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Fig. 23. Na2Mn2Si2O7. Temperature 
dependences of (a) spontaneous magnetization; 
(b) inverse magnetic susceptibilities in the 

symmetry plane ( ) and along b-axis ( ), 
isotropic values ( ); (c) magnetic susceptibility

in the symmetry plane (+, ), along b-axis ( )
[67K1]. Solid line in (a) is only guide for the 
eye. 
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→
Fig. 33. Ca2MgSi2O7. (a) 29Si MAS NMR spectra at 
different temperatures. Only the center bands are shown, 
which are accompanied by moderate spinning sidebands of
less than 10 % of the total signal intensity. (b) 29Si spectrum
at 340 K (1), calculated line shape (2) and the Gaussian fit 
to five individual bands (3). (c) 29Si chemical shifts of the 
constituent Gaussian bands for the fitted spectra from 290 
K…385 K.The percentage figures, shown at 290 K and 385 
K, indicate the intensity of the specific band as a percentage 
of the total envelope intensity [89M1]. 
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