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The distribution of Na cations in the conduction channels of the compound
Nayg 5, (Ti; ,0Mg050) (032:F75) at 153 K and 293 K has been determined from the
x-ray diffraction data of a single crystal.

PACS numbers: 66.30.Hs

The unique physical properties of ionic crystal conductors and their practical
application have attracted the attention of investigators.! A number of single crystals
of the nonstoichiometric phase of the compound Na, Mg, Ti; .;,04-2y+xF2 ., were
obtained in the study of the Na, O—NaF-MgO—TiO, system.” The one-dimensional
conduction in Na cations, which was measured in these single crystals by Belyaev
et al. over the temperature range up to 670 K, reaches 107227 - cm™ (activation
energy 0.3-0.5 eV). Atomic structures of such crystals have been investigated pre-
viously.>** We see in Fig. 1 that (Ti,Mg) octahedra, which are connected by common
edges and vertices, form a structure which is pierced by continuous, double-barreled
channels. The Na cations which account for the conduction are situated in these
channels. The conduction value indicated above pertains to the direction along the
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FIG. 1. Projection of the atomic structure of Na, 4, (Ti, .o M8y .50) (O3 42 Fo.7s) ont the ab plane
of the unit cell of the crystal.

channels. The conduction in the perpendicular direction is lower by at least three
orders of magnitude.

Our goal in this paper is to determine the distribution of Na cations in the con-
duction channels at room temperature (293 K) and at nitrogen temperature (153 K),
using experimental x-ray data. To solve the problem, we used various distributions of
the electron density in crystals.” The integrated intensities of x-ray diffraction re-
flections were measured in automatically controlled x-ray diffractometers, using a
single sample which was rounded into a ball (d =0.20 £ 3 mm, Mo radiation, flat
graphite monochromator, 8/28 scanning method). We have measured 1206 and
1224 separate diffraction reflections, respectively, with /> 30y and sin /A <0.99
A7 at nitrogen and room temperatures. The factors ultimately responsible for
the divergence between the experimental structure-amplitude moduli and those cal-
cualted from the refined structure model amounted to 4.2% and 3.6% for the low
temperature and room temperature. The structure parameters were refined by the
least-squares method with allowance for the anomalous scattering of x-rays by mat-
ter, and by the method of Zachariasen’s secondary extinction.®

The composition of the sample used in the experiment is Nag g, (Ti; 20Mgo s0)
(03.22F¢ .72 ). The dimensions of its unit cell are  =9.238 A(1),5=11.333 A (2),
¢=2.9192 A (3) at T=153 K. This sample belongs to the rhombic-symmetry Fedor-
ov group Pna2;. The unit cell of this sample contains four formula units of the indi-
cated composition. Eight crystallographic positions in the unit cell are populated by
4.80 Ti atoms and 3.20 Mg atoms. Our first task was to determine the position of
these cations in the structure. The scattering power of x radiation of Ti atoms differs
markedly from that of Mg atoms (Z¢; =22, Zug =12). Within the accuracy of our
experiment we have not been able to observe any order in the arrangement of Ti and
Mg atoms in the eight crystallographic positions. All these positions are populated by
statistically identical “atoms” (Tiq g0 Mgo.40). Because of the small difference in the
scattering power of O and F atoms (Z; =8, Zp =9), we have made no attempt to
differentiate them in the structure.

The difference distributions of the electron density, from which all atoms
except sodium were removed, were used to localize the Na atoms. To eliminate the
series-cutoff values in the experimental distribution of the electron density in the
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FIG. 2. Two-dimensional cross section of the difference electron density, showing the distribu-
tion of Na atoms in the conduction channels. a—~7=153 K, 7.696, x—6.269 plane, y =2.379;
b-T=293K;7.352 x—6.940 plane, y =2.170.

crystal, we used the o factor to modify the corresponding Fourier coefficients.’
Figure 2 shows the two-dimensional cross sections of the difference electron density
along the conductance channels of the structure at 153 K (a) and 293 K (b). These
cross sections (especially the low-temperature cross section) clearly reveal two loca-
tions in the conduction channels at which the Na atoms are concentrated. The be-
havior of the electron density in Fig. 2 indicates that the degree of population of the
Na atoms is different at the two positions. The structure parameters were further re-
fined by the least-squares method.®

At 153 K the population coefficients of the Na (1) and Na (2) positions turned
out to be equal to 0.64 (1) and 0.18 (1), respectively, and the distance between them
was only 1.20 A, completely ruling out the possibility of simultaneously locating the
pair of Na atoms in the neighboring positions. This situation can occur because the
population of these two crystallographic positions is less than unity. The population
of the Na (1) and Na (2) positions turned out to be 0.55 (3) and 0.28 (3), respective-
ly, at a higher temperature (293 K). In other words, as the temperature is increased,
the distribution of the Na cations flattens out along the conduction channel. An al-
most total agreement of the sum of the populations for the two experiments, which
was obtained in an independent calculation of all four coefficients, is an additional
argument in favor of the accuracy of our results. The anistropy of thermal vibrations
of the atoms in the harmonic approximation was taken into account in the refine-
ment of the parameters of the atomic model of the crystal. The eliipsoids of thermal
vibrations of the Na (1) atoms, and especially of the Na (2) atoms, turned out to be
highly prolate: at =293 K their major axes are equal to 0.52, 0.38, and 0.24 A
and 1.52,0.38,and 0.19 A, respectively. For comparison, we show that analogous
parameters of thermal vibrations of the atoms (Ti, Mg) (1) and (Ti, Mg) (2) corre-
sponds t00.22,0.21,and 0.18 A and 0.26,0.22,0.18 A. The major axes of the ellipsoids of
the thermal vibrations of the Na (1) and Na (2) atoms deviate from the channel axis by 33°
and 16°, respectively. It is reasonable to assume that these deviations indicate that the
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Na atoms move in a zigzag manner in the channel during conduction. We should em-
phasize that the major axis of the ellipsoid of thermal vibrations of the Na (2) atom
is very large, 1.52 A. This shows that the model used by us does not describe all

the specific features of the behavior of the Na atoms in the crystal, such as “sticking’
of these atoms in other parts of the channel, deviation of the thermal motion of the
sodium atoms from the harmonic motion, jumping of Na atoms from one position
to another. An attempt to increase the complexity of the refined model of the
atomic structure of the crystal in question at the precision level of the diffraction
experiment, however, did not yield physically justifiable results.

We wish to thank V. E. Dugin and V. B. Nalbandyan for kindly providing us
with the single-crystal samples for the experiments.
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