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In the course of an x-ray study of the structure of carbonate-cancrinite in an electric field, an 
anomalously large deformation of the CO, ion, located in channels and tightly coupled to the 
aluminosilico-oxygen framework was observed. A model of the action of the channels on such a 
lattice characteristic of the piezoeffect has been developed for zeolites. The theoretical value of 
the piezomodulus d3, = 28.3 X 10-l2 C/N and the experimental value dl, = - 16.5 X 10-12 
C/N of carbon cancrinite were found to be higher than the piezomoduli of the strongest linear 
piezoelectric substances known at present. 

PACS numbers: 77.60. + v 

Crystals of carbonate-cancrinite are described by the 
general formula Na,Ca(AlSiO,),-CO,.nH,O. In spite of the 
fact that cancrinite has been considered as a centrally sym- 
metric crystal in the mineralogical literature,' in its natural 
samples, which are polycrystalline formations with a certain 
ordering of the blocks, a strong piezoelectric effect has been 

Since the presence of defects in the natural sam- 
ples has a significant effect on the piezoelectric activity, a 
method of growing carbonate-cancrinite under hydrother- 
mal conditions has been and apparently homo- 
geneous single crystals with volumes up to several cm3 have 
been obtained. The crystals are colorless, transparent and 
have a densityp = 2427 + 2 kg/m3. The predominant forms 
of the artifical crystals are hexagonal prism ( 1120) and hex- 
agonal dipyramid ( 1 12 1 ). Less developed are the hexagonal 
prism ( 0 1 TO) and pinacoid ( 000i) faces. The investigation 
of the real structure has shown their low quality; the crystals 
are strained, they crack quickly after growing, they contain 
numerous inclusions of the mother liquor in the form of 
"channels" which extend along the Z axis. Moreover, a sig- 
nificant change in the chemical composition has been ob- 
served in various parts of the crystals and even within the 
limits of a single crystal. 

We have undertaken to measure the piezoelectric con- 
stants of artificial carbonate-cancrinite by a resonance meth- 
od, and also to determine by the method of structural analy- 
sis the elements responsible for the amplification of the 
piezoelectric activity of the crystal. The results of measure- 
ment of the resistivity p, the tangent of the dielectric loss 
angle tan 6, the permittivity E:, and the piezomoduli dij at 
room temperature are shown in Table I. The data of the table 
(small value of p, and large value of tan 6,) indicate the 

TABLE I 

presence of more crystal defects in the Z direction, which 
leads to a significant underestimation of the values of the 
piezomoduli d3, and d,, as measured by the resonance meth- 
od. This statement is also confirmed by the fact that Q = 30- 
70 for the vibration of rods, excited through piezomoduli d,, 
and d,,, while Q=: 1000 for vibration of plates excited by 
piezomoduli dl, and d,,. Moreover, the inclusions of the 
mother liquor in "channels" parallel to the Z axis, and con- 
taining mainly water (& = 81), are the reason for the in- 
creased values of the permittivity &F3 of the carbonate-can- 
crinite. Recognizing that E of ice falls off rapidly with 
decrease in the temperature (E = 72.5 at T = 268 K and 
E = 3.5 at T = 2 13 K at a frequency of 1 kHz) and conse- 
quently cannot exhibit any effect on E of the cancrinite at low 
temperatures, we measured the temperature dependence of 
EG of the cancrinite at a frequency of 1 kHz. The results are 
shown in Table 11, from which it is seen that even E:, = 9.9 
at T = 200 K. 

A detailed determination of the structure of natural car- 
bonate-cancrinite has been made in Ref. 7. We have carried 
out a refinement of the structure in artificial samples, for 
which the piezomoduli d,. were measured, with account of 
the large piezoelectric activity of the crystal-and in an elec- 
tric field.8 Samples of the following composition were inves- 
tigated: 

NarCaa,e (AISiOp) a .  (COJ) ,,,- 2.1Hz0. 

Measured 
value 

PX 
tg 6x 
el lT 
dt5 
di, 

Measurement of the parameters of the unit cell 
(a = 12.635 + 0.005, c = 5.115 + 0.003 A) and the intensity 
of the reflections were made on a crystal which was ma- 
chined to a spherical shape with diameter of 0.32 mm. The 
symmetry of the diffraction picture and of the extinction 
pointed to the space groups P 63 and P 6,/m. Measurement of 
the intensity was carried out on a single-crystal diffractome- 

TABLE 11. Temperature dependence of the permittivity E; of artificial 
carbonate-cancrinite. 

Calculated Measured Calculated 
value 1 value I value 

Note: Herep is in 10" Ohm-cm, d in 10-l2 C/N. 
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ter by the method of a perpendicular beam with use of Mo 
K, radiation that was rendered monochromatic by a graph- 
ite monochromator. Measurements of the reflection of six 
layer lines were carried out (I = 0-5). Corrections for polar- 
ization and the kinematic factor were introduced. 

As an initial model, we chose the coordinates of the 
framework atoms from Ref. 7. With the help of a series of 
successive difference syntheses with intermediate refine- 
ment by the method of least  square^,^.'^ we determined the 
locations of the nonnetwork atoms Na, 0 and C. After find- 
ing all the atoms, we refined the determination of the struc- 
ture by the method of least squares from 1000 measurements 
of F (h,k,l 1. In this case the atomic factors of neutral atoms 
were used.'' In the final stages, the occupation factors of the 
positions of the nonnetwork atoms were included in the list 
of refined parameters, subject to the valence-balance condi- 
tion. To reduce the correlation between the occupation fac- 
tors and the thermal properties of the atoms, refinement of 
the former wascarriedout on an array ofF(h,k,l ) withsin 8 / 
Ag0.35 A-'. The final value of the R factor was 0.04. In 
Table I11 we give the coordinates of the basis atoms. The 
occupations of the positions of the nonnetwork atoms are as 
follows: Na, 2.01(3), Na, 6.38(2), H202.01 (6),  CO, 1.19. The 
structure of thesynthetic cancrinite is shown in Fig. 1, where 
the atoms are shown in the form of thermal-oscil1a;tion ellip- 
soids. The six-membered rings of Si and A1 tetrahedra are 
closed around the triad axes 1/3,2/3 and 2/3,1/3. Each ring 
is joined to six neighboring rings. The CO, group is located 
on the 6, axis and is characterized by the following geome- 
tries C-O, 1.291 A, < O,-C-O, 120.00(9)". The Na, atom is 

TABLE 111. Coordinates and mean square errors of the atoms. 

FIG. 1 .  Projection of the structure of carbonate-cancrinite on 
the plane { 0001 I. 

the link between this group and the framework atoms; its 
polyhedron is formed both by the oxygen atoms of the CO, 
group and by the oxygen atoms of the framework. The other 
Na, atom is located on the triad axis and is coordinated 
through the 0, and 0, atoms and the water molecules. The 
water molecule in the cancrinite structure is located near the 
triad axis, and for this position the traid axis is statistically 
satisfied; the occupation factor of the position is 1/3. 

In the case of weak piezoelectrics (for example, quartz), 
the displacement of the atoms when an electric field is ap- 
plied to the crystal is small and cannot be recorded by the x- 
ray method. In the case of strong piezoelectrics, similar to 
cancrinite, particularly when there is nonuniform displace- 
ment of the atoms, the largest displacements can probabgy be 
recorded by the method of structure analysis. For this pur- 
pose, a cancrinite crystal in the form of a regular dodecahe- 
dral prism 2.3 mm in height and 0.4 mm in diameter was 
fixed to the goniometric head of a diffractometer by con- 
ducting glue; on the other end of the crystal, we fixed (also by 
conducting glue) a copper electrode connected t o  a high- 
voltage supply by a thin wire. 

The intensities were measured by the "stationary 
counter, stationary crystal" method for a fixed period in an 
electric field ( + 1.5 kV and then- 1.5 kV) applied parallel to 
the C, axis. The background noise was then subtracted and 
the ratio of the measured intensities was calculated. In this 
manner we measured the intensities of 1920 independent 
nonequivalent reflections. This procedure enabled us to in- 
cEease the accuracy of the measurements because of the sta- 
tistics, since the crystal was always located in the maximal 
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reflection position; it also permitted us to eliminate all errors 
due to inaccuracy of the adjustment, to extinction, and to the 
other factors, because they are the same for measurements at 
+ 1.5 and - 1.5 kV. The displacements of the atoms were 

estimated in the refinement by the method of least squares 
from the array of structure factors F(h,k,l), which was ob- 
tained by multiplication of F(h,k,l ) calculated in the deter- 
mination of the structure, by the corresponding intensity ra- 
tios raised to the power 4, obtained in the measurement of the 
crystal in an electric field. The results of the refinement 
showed that only the displacements of the carbon atom of 
the carbonate group exceeded the rms error by a factor of 2. 
The oxygen atom in the carbonate group was shifted in the 
opposite direction by about 0.001 di, a value equal to the 
error of the determination. The displacements of all the ot t -  
er atoms were significantly less and did not exceed the errors 
in their determination. In other words, the carbonate cation 
acquired the shape of an umbrella. The distance from the 
carbon atom to the plane of the oxygen atoms became equal 
to 0.0036 f 0.0015 di at U = 3 kV. Thus, under the influ- 
ence of an electric field, the most deformed element of the 
cancrinite structure was the CO, ion. 

The x-ray studies led us to two basic conclusions: 
1) If we take it into account that the presence of the 

piezoeffect excludes the space group P 6,/m, then our results 
finally confirm the results of Ref, 7-the space group of car- 
bonate-cancrinite is P 6,(C 6,), the point group is C,. 

2) Since the CO, ion is tightly bound to the aluminosi- 
lico-oxygen framework (this is evidenced, in particular, by 
the fact that carbon dioxide is released from the crystal at a 
temperature above 900 "C) the large value of its deformation 
under the action of an applied electric field should lead to an 
increase in the deformation of the entire crystalline cell. This 
means that the presence of the CO, ion in the channels of 
cancrinite stimulates an increase in the piezoelectric activity 
of the crystal. 

Starting out from this idea, we have obtained expres- 
sions for the piezomoduli d,, and the permittivity EL of car- 
bonate-cancrinite. The x-ray data allow us to state that un- 
der the action of an applied electric field the 0 and C atoms 
in the carbonate ion are displaced in such a way that their 
center of mass does not change its position. We denote the 
displacement of the C atom relative to the plane of the 0 
atoms by Aq; then, within elastic limits, 

Aq=k. Ac, (1) 

where Ac is the deformation of the cell parameter c and k is a 
proportionality coefficient. Since 

S3=A~/~=~33T3 ,  (2) 

where S, is the deformation, s,, is the elastic compliance, T, 
is the mechanical stress, we have 

Then the dipole moment p of the CO, ion can be represented 
in the form 

p= (dpldq) Aq= (dp/dq) ~ c s ~ ~ T ~ .  (4) 

Starting out from the x-ray data, we find that the polariza- 
tion vector P, is almost completely determined by the polar- 

ization of the CO, ion; then 

where n is the number of CO, ions in the unit cell and Vis the 
volume of the unit cell. 

We write down the equations of the piezoeffect for our 
case: 

S3=s3aET3+d33Ea, (6) 

D 3 = ~ O E 3 + P 3 = d 3 : T 3 + ~ O ~ ~ ~ T E 3 .  (7) 
In the absence of field (E, = 0) we get from Eq. (7) 

P3=daaT3, (8) 

and with account of Eq. (S), 

Assuming that the deformation of the CO, ion is proportio~- 
a1 to the intensity of the applied electric field, we obtain 

A q =  (dq;dE3) E3. (10) 

In the absence of mechanical stress (T,  = 0) we get from Eq. 
(6) 

S,=d33Ea (11) 

and with account of Eq. (2) 

Ac=cd,,E,. (12) 

From Eqs. (I), (lo), and (1 2) we have 

and with account of Eq. (9) 

while from Eqs. (4) and (5) 

Our measurements enabled us to obtain data necessary 
for the calculation of d,, and E G :  V= 7.07X m3; 
n = 1.2; the elastic compliance, determined by the resonance 
and pulsed ultrasonic method, 

,,-,,E= 1.22. fO- l l  rn2/N, dq/dE3=27.6. 10-20mZ/V, 

E3=1.3. lo6 V./rn, Aq=3.6.10-'3m. 

We have taken the value of the derivative of the dipole mo- 
ment with respect to displacement of the atoms in the CO, 
ion out of its plane under the effect of an electric field from 
Ref. 12: dp/dq = 1.4. 10-l9 C. Substituting these data in for- 
mulas (14) and (IS), we obtain the following numerical val- 
ues: 

Comparison of the numerical value of the piezomulus d,, 
with the measured dl,  = - 1 6 . 5 ~  10-l2 C/N shows that 
these quantities are sufficiently close to one another. In this 
case we must keep it in mind that the d,, of cancrinite is 
much larger than the analogous piezomoduli of all known 
linear pieoelectrics (for example, in the case of ZnO, 
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d, ,  = - 8.3 x lopL2 C/N). The calculated value of the per- 
mittivity E: is somewhat below the value measured at low 
temperatures (E; = 9.9 at T = 200 K), where the effect of 
the inclusions of matrix solution has not been taken into 
account. This difference can be attributed to the fact that in 
our model we have used only the polarization of the CO, ions 
and have neglected the polarizations of the aluminosilico- 
oxygen framework. 

To test our model, we carried out the following experi- 
ment: the crystal was heated to 500 "C, after which the pie- 
zoeffect disappeared. These same samples were studied 
further by x-ray methods. It turned out that the water was 
removed from the structure channels, as a result of which a 
certain rearrangement of the structure took place; the CO, 
ion had the shape of an umbrella without application of a 
field and was not deformed in an electric field. 

The experiments described above and the calculations 
leads us to the conclusion that the channels in zeolites can 
have a significant effect on the lattice characteristics of the 

crystals, such as the piezoeffect. 
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