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The thermal diffusivity of the La-doped layered perovskite
Sr,Nb,O; parallel and perpendicular to the perovskite layers
is reported from room temperature up to 1000°C. The anisot-
ropy persists through an incommensurate-normal ferroelectric
phase transformation at 215°C and up to 1000°C, the maximum
temperature of our measurements. The thermal conductivity
perpendicular to the perovskite layers, derived from the diff-
usivity in the same direction, calculated using the density and
measured heat capacity, has a constant value of 1.05+0.05 W/
mK up to 1000°C. Possible explanations for the low thermal
conductivity and anisotropy are described.

I

Many oxides are crystallographically anisotropic as well as elec-
trically insulating. As such, it might be expected that they will
have anisotropic thermal transport properties. Furthermore,
many of the anisotropic oxides are natural superlattice struc-
tures, consisting of alternating layers or blocks within the unit
cell. These include the layered perovskites' such as the Aurivil-
lius,? Dion-Jacobsen,> and Ruddlesden-Popper phases.®’ Re-
cently, there has been interest in making synthetic superlattices
to achieve low thermal conductivity by introducing a high den-
sity of interfaces. By this method, very low conductivities have
been achieved at low temperatures in W/ALO5 superlattices.®
For low temperature heat spreading and thermoelectric appli-
cations, these synthetic superlattices offer a new approach to
heat management. However, they are intrinsically unstable to
morphological instability. In contrast, the layered oxides can be
expected to be stable to very high temperatures, and hence have
high-temperature applications in both heat spreading and as
thermal barrier materials.

In a recent work, we have shown that at least two perovskite-
based layered oxides exhibit low thermal conductivity. The
Aurivillius phase BisTi30;,° exhibits anisotropic thermal prop-
erties and very low thermal conductivity perpendicular to the
layers up to 1000°C. The Ruddlesden-Popper rare-earth stron-
tium aluminates RE,SrAl,O; (RE = La, Nd, Sm, Eu, Gd, Dy)
also have low thermal conductivity.'® The common features of
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both these compounds apart from their crystallographic anisot-
ropy include having large, complex unit cells, a large average
atomic volume, and possible structural, bonding and mass dis-
order, which are all requirements for low thermal conductivity.'!

Another compound that fits many of these requirements is
the layered perovskite Sr,Nb,O;. The crystal structure of
Sr,Nb,O, shown in Fig. 1, is a derivative of the perovskite
structure, except that the perovskite slabs consisting of vertex-
sharing NbOg octahedra are separated by additional O at-
oms.'?!* The perovskite layers are offset by a shear of a/2
with respect to one another. The Sr;Nb,O; compound is a part
of a homologous series having a chemical composition
Sr,,Nb,,O_;,,J,ZV1 where n denotes the number of NbOg octahedra
comprising the slab thickness. Only #» = 4 and n = 5 members of
the series have been observed so far.'®!” Because of the layered
structure, the thermal properties should be nearly uniaxial along
the b-axis defined to be perpendicular to the layers. Cooling
from above the Curie temperature, 1342°C,'® Sr,Nb,O; under-
goes a ferroelectric phase transition from space group Cmicm to
Cmc2, which is commonly referred to as the normal phase, and
on further cooling at 215°C the compound transitions to an in-
commensurate (IC) phase with space group Cmc2,.!*%°

Single crystals are normally used to determine the principal
coefficients of the thermal conductivity tensor and its anisot-
ropy. However, in the absence of large single crystals of
Sr,Nb,07, an alternative approach based on the symmetry con-
siderations of the thermal conductivity tensor is used in this
work by combining measurements of randomly oriented poly-
crystalline samples and highly-textured samples.

Also, as Sr,Nb,Oy5 is inherently p-type, the electronic contri-
bution to thermal conductivity might mask the true nature an-
isotropy of the thermal conductivity. For this reason, the
material measured was doped with a small amount (0.5
mol%) of La*" cations substituting for Sr>" cations in the
unit cell.

IL

(1) Sample Preparation

Different techniques were used to create the randomly oriented
polycrystalline samples and the crystallographically textured
samples. The former samples were prepared by conventional
sintering and the latter were prepared by hot forging. Sintered
samples were prepared by the coprecipitation method described
by Brahmaroutu er al?? Starting materials were NbC,O4
(Alfa Aesar, purity > 99.99%), La,O3 (Alfa Aesar, Ward
Hill, MA; purity > 99.99%), and Sr,NO; (Sigma Aldrich,
St. Louis, MO; purity > 99.99%). Stoichiometric quantities
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Fig.1. The orthorhombic crystal structure of the n=4 member of
Sr,Nb,, 03,4, series viewed along the a-axis. The large spheres are Sr
atoms and the octahedral with small sphere vertices are NbOg octahedra.
Layers of perovskite-like slabs are separated by additional planes of O
atoms. The perovskite slabs are displaced by a/2 with respect to one
another. The boxed area represents one unit cell. Image produced using
VESTA software.”!

of NbC,0, dissolved in excess oxalic acid, La,O5 dissolved in
excess nitric acid, and Sr,NOj5 dissolved in deionized water were
mixed. The resultant solution was coprecipitated by adding it
drop by drop to excess NaOH solution maintained at a constant
pH of 12 with vigorous stirring. The gel-like precipitants were
filtered using a centrifuge, washed twice in deionized water, and
then twice in ethanol. The washed precipitates were dried over-
night at 110°C and calcined at 1000°C for 2 h. The calcined
powders were then sieved in a 325 mesh, pressed into 3/4-in.
diameter pellets at 200 Mpa, and sintered at 1400°C for 2 h. The
textured samples were prepared b;/ the hot forging method de-
scribed by Fuierer and Newnham.?® Starting materials were SrO
(Sigma Aldrich, purity > 99.99%), La,O5 (Alfa Aesar, purity
>99.99%), and Nb,Os (Alfa Aesar, purity > 99.99%).
The oxide powders were precalcined to 1000°C for 2 h to re-
move hydroxide and adsorbed carbon dioxide and water. Pow-
ders were weighed and stoichiometric quantities were mixed
together and ball milled in ethanol overnight with zirconia me-
dia. The mixture was dried and then calcined at 900°C for 2 h.
The powders were sieved in a 325-mesh, pelletized, and then hot
forged.”*

(2) Characterization

Phase identification and analysis were performed by X-ray
diffraction (XRD) using an X-ray diffractometer (Philips
X-PERT Pro; Philips, Almelo, the Netherlands) with nickel-
filtered CuKa radiation. The density (p) of the samples was
measured by the Archimedes method, with deionized water as
the immersion medium. The heat capacity (C,,) was measured on
I-mm diameter dense pellets using a differential scanning calo-
rimeter (Netzsch, Pegasus 404C, Selb, Bavaria, Germany) in an
Argon gas atmosphere from 35° to 1100°C. The values were
determined according to the ASTM standard E1269-95 and the
data were collected on heating.

The thermal diffusivity (o) was measured using an Anter
Flashline 3000 thermal flash system (Pittsburgh, PA) with a
high-speed xenon flash lamp. The samples for the thermal diff-
usivity measurements were machined to be coplanar with a
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thickness of approximately 1 mm and a diameter of 12.5 mm.
Before the measurements, both sides of each sample were coated
with thin layers of Ti and Pt using electron beam physical vapor
deposition to minimize the possibility of radiative transport
through the translucent samples and any associated with pin-
holes. The Ti adhesion layer was approximately 10 nm thick
while the Pt layer was about 750 nm. The samples were then
spray coated with colloidal graphite on both sides to ensure full
absorption and maximum optical absorption and emissivity.
Thermal diffusivity was measured in an Argon gas atmosphere
from 35° to 1000°C at intervals of 100°C with a comparison
measurement at 100°C when cooling down to ensure reproduc-
ibility of the measurements and to identify if the coatings re-
mained intact. The thermal diffusivity values were determined
using the Clarke and Taylor** model, which corrects for radi-
ative losses from the sample during the test. Correction of the
high-temperature diffusivity measurements for radiative heat
transfer through the samples was performed using a numerical
method.?

III. Results

(1) XRD

The X-ray results, shown in Fig. 2, indicate that both the sin-
tered and hot-forged samples were sinzgle phase. All the peaks
correspond to the orthorhombic phase.° The hot-forged sample
exhibited very strong (0kO) peaks. The other peaks found in
random samples and listed in the JCPDS file here absent. This
indicates that the hot-forged samples were strongly textured
along the crystallographic »-axis. The degree of orientation was
quantified by calculating the Lotgering factor f from the X-ray
peak intensities>’ over the range of 10°-90°. For the hot-forged
samples, the maximum out-of-plane grain orientation was found
to be >95% after polishing away the surface in preparation for
the diffusivity measurements.

(2) Density

The densities of the samples were 5197 and 5267 kg/m® for the
textured and polycrystalline samples, respectively. The theoret-
ical density of Lag 9sSr1.99sNb>O7 assuming an orthorhombic
unit cell with lattice parameters ¢ = 0.3933 nm, b = 2.6726 nm,
and ¢ = 0.5683 nm is 5316 kg/m>. Therefore, both sets of sam-
ples were determined to be greater than 97% dense.
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Fig.2 Normalized X-ray diffraction patterns from randomly orien-
tated (above) and hot-forged, textured (below) samples of Sr,Nb,O-.
Diffracted intensity from peaks corresponding to (0k0) dominates in the
textured sample whereas the randomly oriented polycrystalline sample
matches the expected peak pattern for Sr,Nb,O; orthorhombic unit cell.
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Fig.3 Heat capacity of powder from a crushed sample of the textured
Sr,Nb,O;. Measurement are compared with calculations according to
the Neumann—Kopp rule (dashed line) and shown to be within 4.2%.
The solid line is a guide for the eye. The second-order phase transition is
shown in the inset along with the extrapolated baseline.

(3) Heat Capacity

The temperature dependence of the heat capacity is shown in
Fig. 3. The heat capacity increases monotonically with temper-
ature except close to the second-order phase transition®® of the
normal phase at ~215°C indicated by the small exothermic
peak. The heat capacity data were compared by also calculating
the heat capacity according to the Neumann—Kopp rule from
the chemical compositions and the literature data of its constit-
uent oxides.”® The calculated values for heat capacity were
within +4.2% of the measured values.

(4) Thermal Diffusivity

The thermal diffusivity measurements are shown in Fig. 4. There
are two regimes discernable, one below and one above the tem-
perature of the phase transition from the normal phase to the IC
phase. The lower temperature regime is more strongly temper-
ature dependent with a slope ranging from —1.8x107°
to —4.8 x 107® cm?/s K. Remarkably, the diffusivity of the
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Fig.4 Thermal diffusivity as a function of temperature along the b-axis
in a highly textured ceramic and of the randomly oriented polycrystalline
material. The thermal conductivity along the layered planes (a—c plane),
determined from the other diffusivities, is also shown. The dashed lines
are guides to the eye except for those through the h-axis data, which are a
least square fit.
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textured sample was constant over the entire temperature range
whereas that of the randomly oriented polycrystalline sample
decreased slightly with temperature above the transition tem-
perature.

IV. Discussion

The diffusivity measurements in Fig. 4 clearly show that the
diffusivity perpendicular to the perovskite layers is substantially
smaller than that of the randomly oriented polycrystalline ma-
terial. Furthermore, the diffusivity is unusually small and tem-
perature independent up to the maximum temperature we could
measure. Although samples textured with the perovskite layers
parallel to the heat propagation direction are not available, the
well-defined crystallography of the two polycrystalline materials
enables the diffusivity parallel to the perovskite layers to be cal-
culated using tensorial analysis® from the results of the hot-
forged and sintered materials as follows.

For an orthorhombic structure, the thermal diffusivity tensor,
o, a second-rank tensor, can be expressed in terms of the diff-
usivity along the principal crystallographic axes as

Oga O 0
O(l'/' = 0 Qpp 0 ( l)
0 0 Olee

where the subscripts refer to the crystallographic directions in
the unit cell. Although the unit cell of the Sr,Nb,O5 structure is
strictly orthorhombic, the lattice parameters and sound veloci-
ties along the a- and c-axes are very similar. The longitudinal
sound velocities (v) along the a-, b-, and c-axes have been mea-
sured by Brillioun scattering and are reported to be 4438 +25,
5192412, and 4458 +19 m/s, respectively.?® (The shear veloci-
ties, as far as we can determine, have not been measured.) The a-
and c-lattice parameters are reported to be 0.3933 and 0.5683
nm, respectively, whereas the b-lattice parameter is 2.6726 nm.
Consequently, we can assume that the thermal properties along
the a- and c-axes are also likely to be similar. This assumption
allows the diffusivity tensor to be represented by a uniaxial te-
tragonal tensor

Aga 0 0 Olga 0 0
Ajj = 0 Olpp 0 = 0 Olph 0 (2)
0 0 o 0 0 O

For randomly oriented polycrystalline material, the thermal
diffusivity, oy, can be expressed in terms of the trace of the ten-
sor (appendix in reference’!), namely as

Ap = 1/3(20(1111 + O‘bb) (3)

Rearranging Eq. (3) and assuming 100% texturing, the ther-
mal diffusivity within the a—c plane, o,,, can be calculated from
the measured diffusivities of the polycrystalline material and the
textured hot-forged samples

Qg = 1/2(30,, + opp) 4

The calculated values for the diffusivity parallel to the per-
ovskite planes are shown in the graph of Fig. 4 by the circular
symbols. Comparison with the other data indicates that the
diffusivity is significantly higher, by almost a factor of two, par-
allel to the planes than perpendicular to the perovskite planes.

An interesting feature of the diffusivity measurements (Fig. 4)
is that the anisotropy is much larger than the anisotropy in
either the lattice parameters or the sound velocities. The former
is 50% larger in the b-direction than in the other directions
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whereas the sound velocity is only 16% larger. We will return to
this point later in Section IV.

The thermal conductivity is also a second-rank tensor and
can be computed from the diffusivity using the relationship

k,‘j = pCpO(,']‘ (5)

Using this relationship as a definition, the conductivities par-
allel and perpendicular to the perovskite layers can be computed
and are shown in Fig. 5. The density is assumed to decrease with
increasing temperature in accord with an average linear coeffi-
cient of thermal expansion of 107>,

The temperature dependence of the thermal conductivity of
the La-doped Sr,Nb,O; shown in Fig. 5, is notable in three
major respects. Firstly, the thermal conductivity, especially
perpendicular to the perovskite layers, is very low and is tem-
perature independent in contrast to that usually found for
defect-free oxides.** The temperature range of the measurements
also spans the Debye temperature, ® p (340°C) calculated using
the relationship

h [6n? 1/3
®D*E(H) Vm

where Q is the mean atomic volume, vy, is the average phonon
velocity, # is Planck’s constant, and kg is Boltzmann’s constant.
Secondly, the thermal conductivity does not change, within
experimental uncertainty, in crossing the phase transition at
215°C. Thirdly, the thermal diffusivity and conductivity are
strongly anisotropic over the entire temperature range mea-
sured, up to 1000°C. These features will be discussed in turn
in the following.

Oxides that typically exhibit little or no temperature depen-
dence are either amorphous, such as silica, or contain very high
concentrations of point defects. The latter is exemplified by
yttria-stabilized zirconia, which typically contains several per-
cent of oxygen vacancies. In both classes of material, the thermal
conductivity is limited as the mean free path approaches atomic
dimensions even at temperatures as low as room temperature. In
the case of amorphous materials, the minimum phonon mean
free path is limited by the size of the structural unit making up
the amorphous structure.>® In the concentrated defect-scattering
case, such as yttria-stabilized zirconia, the conductivity is limited
as the phonon mean free path approaches the average defect
spacing. The temperature dependence of the thermal conductiv-
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Fig.5 Thermal conductivity as a function of temperature along the
b-axis of the highly textured materials and of the randomly oriented
polycrystalline material. The calculated thermal conductivity in the
plane of the perovskite layers (the a—c plane) is also shown.
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ity is then weakened and in the extreme cases of small defect,
spacing becomes almost independent of temperature, approach-
ing the minimum thermal conductivity value, k,;,,. The mini-
mum thermal conductivity, which we take as the minimum for
the randomly oriented polycrystalline material, kp,m, can be es-
timatftd from the high-temperature limit of the Debye equa-
tion,”

CyvmA
kp_’kpm:va (7)

where Cy is the specific heat at constant volume and A is the
phonon mean free path. At high temperatures, the specific heat
per atom Cy approaches a value of 3kg7, according to the
Dulong—Petit equation,* and hence the minimum thermal con-
ductivity becomes

A
Fom = kB;_;n

®)

Inverting this equation, the phonon mean free path can be
calculated from the conductivity of the randomly oriented ma-
terial. In the absence of information about the shear velocities,
the phonon mean free path, A, is estimated to be 0.301 nm using
values for the average velocity of sound v, of ~4900 m/s*® and
the average atomic volume (Q,) of SroNb,O; of 0.01370 nm®.
This value is almost identical to the value of the mean inter-
atomic spacing (0.296 nm) obtained by assuming that the mean
atomic volume is spherical. This result is consistent with the
temperature independence of the thermal conductivity, which
suggests that the phonon mean free path is comparable with the
inter-atomic spacings in the structure. If the conductivity per-
pendicular to the perovskite layers, ~1.0 W/mK, is used in the
estimate, the calculated phonon mean free path is 0.2 nm, which
is similar to the thickness of the individual perovskite layers
(0.27 nm) and the separation between the perovskite blocks
(0.236 nm). Thus, it can be concluded that it is reasonable that
the effective phonon mean free path is of the same length scale
as the inter-atomic spacings.

An alternative explanation for the temperature independence
of the conductivity is that the observed conductivity is not the
minimum conductivity determined by the mean inter-atomic
spacing but rather by scattering from closely spaced defects. In
this explanation, the defects are responsible for decreasing the
thermal conductivity from the temperature dependence of the
perfect crystal to the value given by kpn,. Three gypes of defects
in La-doped Sr,Nb,O; can be identified: the La”" dopant ions
themselves, the associated cation vacancies required to maintain
overall charge neutrality (one vacancy for each two La*" jons)
and anti-site cation defects in which an Sr*>" ion is on an Nb>*
ion site, and vice-versa. The average spacing between dopant
ions, randomly distributed within a volume of material, varies
with concentration, ¢, as ¢73. The La** dopant concentration in
the material we have studied is 0.5 mol%. Assuming that they
are randomly distributed, the average spacing between La®"
ions is 2.47 nm. The average spacing between the cation vacan-
cies is 3.07 nm. Both these defect spacings are an order of mag-
nitude larger than the inter-atomic distances, and hence it is
unlikely that this alone could account for enough ionic disorder
or structural defects to lower the phonon mean free path so
significantly. For comparison, the average distance between the
La*" ions is substantially larger than the oxygen vacancy spac-
ing, which is ~0.76 nm in yttria-stabilized zirconia.>* The pho-
non scattering from the La*" ions and the cation vacancies,
however, is expected to be different as their masses are different.
According to Klemens,***” the phonon scattering from defects
having different masses depends on the parameter, I', given by

M\ 2
r=y(1-5%) ©)
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where f; is the fraction of defects having a mass M; and M is the
mass of the atoms in the lattice. For a material containing two
defects of different masses, in this material an La>" ion (138.9
amu) on an Sr site (87.6 amu) and a cation vacancy on a Sr site,
this scattering can be generalized as

2 2
r= (M) (M) (10)

An interesting feature of this equation for the scattering fac-
tor is that the mass difference associated with the cation vacan-
cies is larger than the mass difference associated with the La**
ion substitution. As a result, the two terms contributing to the
overall mass difference scattering are almost the same after tak-
ing into account the difference in the concentration of the two
defects. The third possible contribution to phonon scattering is
site disorder of the Sr>™ and Nb> " ions in the lattice. However, it
is unlikely that appreciable site disorder is possible in the crystal
structure of the niobate given the different ionic sizes and site
coordination preferences of the Sr** and Nb>* ions. Further-
more, the atomic masses of Sr (87.6 amu) is similar to that of Nb
(92.9 amu) and hence even if there were any appreciable site
disorder, the effect on phonon scattering is likely to be small as
seen from Eq. (9), assuming that there are no significant differ-
ences in the bond strength.

Although it can be concluded that defect scattering from the
La’* ions and cation vacancies can be appreciable, their spacing
is rather large compared with the inter-atomic spacing for the
composition investigated and thus is unlikely to account for
the very low thermal conductivities we observed. However, we
should point out that a feature of defect scattering is that it is
temperature independent as are our data.’’

The insensitivity of the thermal conductivity to the phase
transition as the material transforms from the IC to the normal
ferroelectric orthorhombic phase may appear to be surprising.
This is especially so as there are large IC modulations of the
structure below the transition temperature.*® These IC modula-
tions result in rotational oscillations of the NbOg octahedra and
large time-dependent displacements of the Sr ions®® and are
presumably responsible in part for the marked increase in heat
capacity as the transition temperature (inset in Fig. 3) is ap-
proached from lower temperatures. However, there appear to be
two compensating effects associated with the differing temper-
ature dependence of the diffusivity and the specific heat. As in-
dicated by the data in Fig. 4, there is a slight change in
temperature dependence of the diffusivity as the material trans-
forms from the IC to the normal orthorhombic phase at 215°C,
although the change is small. This is also in the temperature
range over which the specific heat varies strongly with temper-
ature but with a monotonically decreasing slope and hence the
effect on the calculated conductivity is suppressed. In addition,
the sound velocity decreases with increasing temperature over
the same temperature range further suppressing any change in
thermal conductivity in crossing the phase transformation. It
should also be noted that a similar insensitivity to a structural
rearrangement at a ferroelectric transition has been reported for
the Aurivillius structure compound, BiyTizO;,, which is also a
layered ferroelectric oxide and has a ferroelectric transition tem-
perature of 675°C.°

Lastly, as shown in Fig. 5, there is a relatively large anisot-
ropy in thermal conductivity that remains up to at least 1000°C.
No quantitative explanation exists as far as we are aware. How-
ever, one possible explanation would be if there is a significant
difference in anharmonicity parallel and perpendicular to the
perovskite layers. In support of this possibility is that the blocks
of four perovskite layers are separated by an intermediary layer
of oxygen ions with strontium ions at the interfaces between the
perovskite blocks whereas the bonding in the perovskite layers is
more isotropic. Brillioun scattering indicates that there is some
elastic anisotropy with c;y, ¢33, and c,, being 10.19, 10.27, and
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13.9 (x 10" N/m?)*® but this is, in effect, an elastic modulus
averaged over distances larger than the unit cell whereas the
phonon wavelengths contributing to the thermal conductivity
are commensurate with the inter-atomic spacings. Thus, one
possible explanation is that the intermediary layer of oxygen—
strontium bonding between the perovskite blocks provides the
anharmonicity essential for lowering the conductivity perpen-
dicular to the blocks. Diffraction studies using a synchrotron
reveal that these Srions are displaced from the ideal perovskite-
like sites and that there are IC modulations associated with these
ions. Furthermore, they have a complicated 10-fold coordina-
tion rather than the usual 12-fold coordination in the ideal per-
ovskite. These would also be consistent with the observation
that the thermal anisotropy persists to high temperatures. A
more direct measure of anharmonicity, such as a difference in
thermal expansion of the unit cell perpendicular and parallel to
the perovskite layers, would be desirable. For instance, a pro-
nounced difference in thermal expansion has been computed for
Bi, Tes, another block-like layered structure, which exhibits ther-
mal conductivity anisotropy parallel and perpendicular to its
layers.® Lastly, it has been noted that crystals can be easily
cleaved parallel to the perovskite layers and this property has
been used in aligning crystals for XRD studies.

It is also tempting to suggest that the anisotropy is a conse-
quence of phonon scattering by the natural superlattice of re-
peating (SrO,)*~ and (Sr;NbsO;,)*" blocks of perovskite that
comprise the layered structure of the strontium niobate. We note
that there is a substantial mass difference between the blocks in
the crystal structure which would result in significant phonon
velocit;/ mismatch. In the normal phase, the density of the
(SrO,)>~ block is 3.733 g/em® and the thickness is 0.236 nm
whereas the (Sr;NbsO;,)*" block of four perovskite layers has a
density of 5.527 g/em?® and a thickness of 1.102 nm. The ratio of
the density of the different blocks is rather large (1.48:1) possibly
resulting in significant acoustic mismatch for phonon scattering.

V. Summary

The thermal properties of highly textured and polycrystalline
samples of 0.5 mol% La-doped Sr,Nb,O; have been measured
from just above room temperature (35°C) to 1000°C. The ther-
mal conductivity was found to be very low (~1 W/mK), tem-
perature independent, and strongly anisotropic parallel and
perpendicular to the layered structure up to 1000°C. The phase
transition between the room temperature IC orthorhombic
phase and the normal orthorhombic phase above 215°C has a
negligible effect on thermal conductivity. As with our previous
studies on related layered perovskites, it is tempting to attribute
the thermal anisotropy and low conductivity to the density
difference between the (SrO,)*~ block and the pseudo-perovs-
kite (Sr3Nb5012)2+ block in the natural superlattice structure of
the strontium niobate.
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