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Abstract—X-ray diffraction intensities from MnO and CoO were measured above and below their Néel tem-
peratures and from NiO, bel ow the Néel temperature. To detect possible characteristics of the paramagnetic and
antiferromagnetic states of the crystals, the data were subjected to direct multipole analysis of the atomic-
charge densities. For MnO, both spherical and nonspherical accumulation-of-charge densities indicate the
exchange of the roles played by manganese and oxygen in the magnetic phase transition. Both spherical and
nonspherical features characteristic of the ionic nature are inherent in both states. The electron counts of the
density peaks correspond to Mn?* and O, with the tenth electron of 0% being distributed in a wider region.
In the paramagnetic state, there is an electronic Mn—Mn bond which seems to be formed due to coupling with
the tenth electron of 0%~ and builds up athree-dimensional net of the charge density with the “ cages” surround-
ing oxygen atoms. In the antiferromagnetic state, some Mn—Mn bonds disappear, while the preserved nonspher-
ical ionic features enhance the role of oxygen atomsin electronic coupling. © 2002 MAIK “ Nauka/Interperi-

odica” .

INTRODUCTION

Thereisagrowing interest in transition-metal mon-
oxides. The systematic study of their electronic struc-
ture can improve the understanding of the metal—oxy-
gen chemistry, provide the basis for important corro-
sion research and a better understanding of the
structural and electronic mechanisms necessary for
their widespread use as catalysts and in various high-
temperature applications.

This study is focused on three monoxides—MnO,
Co0, and NiO—with the simple rock salt structure,
sp. gr. Fm3m (n°225). All three monoxides are insula-
tors undergoing the transition from the paramagnetic to
the antiferromagnetic state at the Néel temperatures
122, 289, and 523 K, respectively [1]. Antiferromag-
netism preceding the transition into the superconduct-
ing stateis characteristic of high-temperature supercon-
ductors. Therefore, the study of these compounds can
clarify the role of an oxygen anion in the mechanisms
of high-temperature superconductivity.

T Deceased.
1 This article was submitted by the authorsin English.

Among the above three materials, MnO is conceptu-
aly the simplest one to deal with because of the pro-
nounced exchange splitting of a Mn?* (3ds) ion result-
ing inthedivision of the 3d level into the occupied spin-
up and the empty spin-down components. The NiO
oxide is certainly the most studied one, both experi-
mentally and theoretically, of al the transition metal
oxides. For several decades, it served as the benchmark
system for understanding the electronic structure of
transition metal compounds [2]. It was most difficult to
interpret the data on CoO in terms of the common mod-
elsthat seemed to be appropriate for MnO and NiO.

There are numerous publications on these com-
pounds—from the experimental studies of magnetic
and dielectric properties (spectroscopic investigations
of the electronic structure) and neutron diffraction stud-
ies of the magnetic structure to the theoretical treatment
of the electronic structure with the use of various
sophisticated models suggested to attain better agree-
ment with the observed properties, the structure, and
the review articles.

The principal magnetic susceptibilities of MnO sin-
gle crystals were measured and their temperature
dependences were studied in [3]. It was concluded that
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the antiferromagnetic ordering consisted in the forma-
tion of ferromagnetic [1110sheets with antiferromag-
netic stacking of the (111) planes. Srinivasan [4]
reported high-resolution measurements of magnetic
susceptibility near Ty in polycrystaline MnO, CoO,
and NiO. Seino [5] performed ultrasonic measurements
of sound velocity in an antiferromagnetic MnO single
crystal. The observed discontinuities of the magnetic sus-
ceptibility and of theeastic constantsc,; and ¢;,—C, at Ty
indicate the first-order phase transition.

Seehra and Helmick [6] measured the dielectric
constant of MnO aong the [111direction. The anom-
aly observed below T was attributed to exchange stric-
tion. Seehra et al. [7] studied the temperature depen-
dence of the static dielectric constant g, of MnQO in the
electric fields parallel and perpendicular to the spin-
easy axis, but they failed to explain the signs and the
magnitudes of & and €.

Ksendzov et al. [8] studied the electronic structure
of MnO using the reflection spectra of chemically pol-
ished MnO crystals. Drokin et al. [9] studied the spec-
tral, temperature, and relaxation characteristics of the
photoconductivity of MnO single crystals and came to
the conclusion that MnO is a wide-band antiferromag-
netic semiconductor.

Lad and Henrich [10] studied photoemission spectra
of cleaved MnO single crystals with the use of synchro-
tron radiation and reported data consistent with the
localized Mn 3d orbital, which indicatesthat MnO isan
insulator with charge transfer rather than aMott insula-
tor. Mochizuki et al. [11] studied photoluminescencein
antiferromagnetic and paramagnetic MnO with the
invocation of magnon processes and short-wavelength
collective excitations. Fujimori et al. [12] used photoe-
mission spectroscopy and obtained for MnO a high
energy of d-charge transfer from the ligand to Mn indi-
cating the pronounced ionic nature of Mn-O bonding.

McKay and Henrich [13] discussed the structure of
valence- and conduction-band levels in NiO based on
the experimental photoemission and photoabsorption
of single crystals. They concluded that NiO is a Mott
insulator whose insulating nature is associated with
correlation effects. At the same time, Sawatzky and
Allen[14] cameto the opposite conclusion based on the
photoemission and inverse-photoemission spectros-
copy data. Hufner et al. [15] studied the photoemission
and inverse-photoemission spectra of thin NiO films
grown on Ni substrates. On the basis of these data, the
4.0 eV optical gap in NiO was attributed to the charge-
transfer transition O2p — Ni3d. Zschech et al. [16]
studied the fluorescence yield from the photoabsorption
spectra of bulk NiO. It was shown that self-absorption
induces ~50% error in the coordination number. A thor-
ough study of the optical-gap nature in NiO was per-
formed by Hufner [2].

New data on CoO were obtained from the studies of
X-ray absorption and photoemission spectra. Kim [17]
paid attention to surface contamination of CoO sam-
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ples. Van Elp et al. [18] found that CoO isahighly cor-
related insulator. Okada and Kotani [19] considered the
Co 2p core level by the methods of X-ray absorption
and photoemission in CoO based on the CoOg-cluster
model.

Several theoretical studies of MnO have been under-
taken both above and below the Néel temperature
(118 K). Kanamori [20] indicated that antiferromag-
netism can be caused by the mechanism of superex-
change interactions. Mattheiss [21] made an attempt to
explain the insulating properties of MnO in both anti-
ferromagnetic and paramagnetic states by calculating
energy bands. Terakura et al. [22] used another
approach to band calculations for MnO. They stated
that MnO isaninsulator only in those caseswhere mag-
netization allows the existence on aparticul ar antiferro-
magnetic spin structure observed experimentally. Tera-
kuraet al. [23] made an attempt to derive the electronic
structure of insulating antiferromagnetic transition
metal compounds by considering them as prototypes of
aMott insulator and using the energy band theory based
on the model of local spin-density exchange and corre-
lation.

Hugel and Carabatos [24] used the LCAO method
to cal culate both the valence band and the lowest con-
duction band of MnO. A new attempt made by Anisi-
mov et al. [25] showed that the band-structure calcula
tions with the use of the corrections for the potential of
nonoccupied states provided an adequate description of
the available spectral data measured for transition-
metal monoxides with strong electron correlations.

Bocquet et al. [26] emphasized that the one-electron
theory fails to describe the electronic structure of the
transition-metal compounds discovered recently. Using
the cluster-type charge-transfer model calculation,
Bocquet et al. [26] managed to reproduce the core-level
2p X-ray photoemission spectra of a large number of
transition metal oxides and sulfides, including MnO
and NiO. They concluded that the basic Mott—Hubbard
description of the charge fluctuations becomes invalid
and that charge-transfer interactions are the most
important for understanding the electronic structure of
these compounds.

Nolting et al. [27] used the model taking into
account the metal 3d and the oxygen 2p subbands,
which explains the temperature-dependent electronic
and magnetic properties of transition-metal oxides.
They explained different properties by different inter-
band and intraband couplings. The insulating proper-
ties require an integral number n of 3d electrons
exceeding four, whereas antiferromagnetism is caused
by 10 — n haf-filled (exactly) 3d subbands and n — 5
completely filled subbands. This model correctly pre-
dicts the fact that MnO, CoO, and NiO are antiferro-
magnetic insulators.

Anisimov et al. [28] present a scheme for calculat-
ing photoemission spectra of transition metal oxides
from first principles without any adjustable parameters.
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The application of this method to NiO provided good
agreement of the calculated and the experimental pho-
toemission spectra and also their consistency with the
oxygen K, X-ray-emission spectra. They also reviewed
the alternative approaches for calculating the properties
of NiO.

In principle, the most direct means for obtaining the
information on the magnetic structure is neutron dif-
fraction. However, Roth [29, 30] indicated that mag-
netic scattering from polydomain single crystals cannot
yield detailed information on the magnetic structure,
because the distribution of the magnetization within the
unit cell is averaged over the domains. To avoid this
shortcoming, Bloch et al. [31] used the externa
mechanical stresses along the [111] direction and the
external magnetic field to determine the order-parame-
ter discontinuity in the magnetic transition in MnO.

More recently, Shaked et al. [32] studied the antifer-
romagnetic structure of MnO using high-resolution
neutron diffraction from a polycrystalline MnO sample
at 8 K. They found that, within the experimental reso-
lution attained, the spin axis is perpendicular to the
unique [111] direction.

Hermann-Ronzaud et al. [33] performed intense
neutron diffraction studies on CoO samples subjected
to stresses or magnetic fields to obtain monodomain
crystals with the aim of analyzing the antiferromag-
netic phase.

Chang et al. [34] studied the neutron-scattering fac-
tors of antiferromagnetic NiO using the cal culations by
the cluster model. The calculations took into account
asphericity of the spin density around each Ni atom.
The data obtained could be compared with the experi-
ment only based on relative formfactor data for NiO.
The agreement between the calculated and the experi-
mental parameters depended mainly on the parameter
nature.

A few X-ray diffraction studies of the charge densi-
ties of these compounds have been performed, but,
unfortunately, so far they did not provide abetter under-
standing of the electronic mechanism of magnetic
ordering. These studies were performed mainly on the
paramagnetic phases of MnO and NiO. The data
obtained concern the net atomic charges and their radii.

Kuriyama and Hosoya [35] made an attempt to
detect nonsphericities of the atomic charge distribu-
tions in MnO by the method of powder diffraction at
room temperature. They concluded that both the Mn
and O in the structure are in the state of divalent ions.
Uno [36] subjected severa transition metal monoxides
to detailed powder-diffraction studies and tried to find
evidence on superexchange atomic interactions. Meis-
alo and Inkinen [37] analyzed these data more thor-
oughly by the spherical-partitioning method and came
to the conclusion that CoO behavior is essentially dif-
ferent from the behavior of MnO and NiO. Sasaki et al.
[38] made a new X-ray diffraction study of spherical
MnO crystals. They concluded that the ions were in
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doubly ionized states but were not considerably
deformed in comparison with the ions in the free-atom
superposition model. In view of the easy deformability
of oxygen ions, thisfact isabit surprising.

Encouraged by our earlier experience in precision
X-ray diffraction measurements and their direct multi-
pole analysis (see, e.g., [39-41]), we decided to make
an attempt to find the evidence of the magnetic states of
these compounds by this method and, possibly, some
indications to the bonding nature and the electronic
mechanisms of the magnetic ordering. With this aim,
we made high-accuracy X-ray diffraction measure-
ments on MnO and CoO at 85 and 298 K and on NiO at
298 K, thus covering the antiferromagnetic phases of
all three compounds and the paramagnetic phase of the
first two compounds, and then performed the multipole
analysis of the atomic-charge distributions.

EXPERIMENTAL
1. Sample

A stoichiometric MnO single crystal was kindly
provided by the Laboratoire de Chimie des Solides,
Université d’ Orsay, France. It was synthesized by float-
zone refining techniques from high-purity 5N powder.
In this method, a high degree of mosaicity is provided
by minimizing the extinction effect on the diffracted
intensities so that the conventional extinction correc-
tions are quite satisfactory, as was stated in [42]. Crys-
tal stoichiometry was checked and confirmed by the
optical and crystallographic methods, as is described
elsawhere [43].

The crystal was cleaved several times along the
(001) crystal faces. It wasrather hard and, if sufficiently
thin, fully optically transparent and had a bright green
color, indicating both its stoichiometry and crystalline
quality. The cleavage surface was perfectly smooath.
Indeed, the crystalline quality is very important,
whereas many studies reported in the literature were
performed on poorly crystallized samples. The sample
chosen for the X-ray diffraction measurements had the
shape of a0.182 x 0.152 x 0.114-mm? parallelepiped.
The as-cleaved sample was coated with plastic to avoid
its oxidation. This protective film was perfectly trans-
parent to the X-ray beam.

2. Data Collection

A precision X-ray diffraction study of MnO was
carried out both above and below the Néel temperature,
at 298 K for the paramagnetic phase and at 85 K for the
antiferromagnetic one. The temperature was main-
tained within about 1 K. Neither magnetic field nor
mechanical stresses were applied to the sample during
X-ray diffraction measurements.

The precision X-ray diffraction measurements on
magnetic polydomain crystals show that, at tempera-
tures below the Néel point, the antiferromagnetic dis-
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tortion of the NaCl-type structureis not perceptible. All
the crystals studied had face-centered cubic lattices.

Roth [30] indicated that the magnetic scattering
from a polydomain single crystal cannot be used in the
detailed determination of the magnetic structure, since
the latter is formed as a consequence of both the distri-
bution of magnetic momentswithin the unit cell and the
distribution of domains present in both powder and sin-
gle crystal. Thisargument also holds for X-ray diffrac-
tion studies.

Bloch et al. [31] suggested avoiding this effect by
applying mechanical stresses along the[111] direction,
or an external magnetic field, or both. However, in this
way, the magnetization of al the domains is forced
along the same direction independently of lattice orien-
tations in the domains. Therefore the results obtained
are not related to the real crystalline magnetic field.
Therefore, we did not apply an external field in our
studies. Thus, if our results involve cubic symmetriza-
tion, the results obtained relate to the true field in the
crystal and not to an artificially distorted one.

The lattice constants 4.431(2) and 4.425(2) A for
MnO at 298 and 85 K, respectively, were obtained by
the |least-squares refinement based on X-ray diffraction
data.

Relative integrated intensities of all the reflections
with sin8/A up to about 1 A~ in three octants were col-
lected three times at both temperatures on an automated
four-circle Enraf-Nonius CAD-4 diffractometer (MoK,
radiation). The data thus obtained included 26 indepen-
dent reflections.

The integration was done in the 6-26 scan mode
with programmed scan and the aperture at the scanning
rate of 2" s. The dead-time correction was automati-
cally taken into account by the analyzer.

The multiple-scattering effect was eliminated using
different settings of the crystallographic and diffracto-
meter axes. As a check, all the forbidden reflections
were measured in the whole octant. No effect was
detected.

The background, Lorentz, and polarization correc-
tions were introduced into the intensities, as described
earlier [44]. We also introduced the Busing and Levy
absorption corrections [45] using the linear absorption
factors 14.712 mm* and 14.772 mm for MnO at 298
and 85 K, respectively.

The TDS contamination was evaluated by the Mer-
isalo and Kurittu program [46] using the elastic con-
stants from [47]. The effects were small (less than 3%
inintensity) because of the high hardness of these com-
pounds.

The observed intensity of a reflection was averaged
over theintensities of all the equivalent reflections mea-
sured in three experiments.
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THE REFERENCE MODEL

Our “direct multipole analysis’ is based on the use
of a reference model “asymptotically reliable” in the
reciprocal space. Asfar asthe condition of asymptotical
reliability is fulfilled, the model itself does not affect
the interpretation of the results, which can be expressed
in terms of the deviations of the experimental charge-
density characteristics from those of the model or,
when added to the model values, in terms of purely
experimental values of these characteristics[41]. Incal-
culations of the model values, an asymptotically fitted
Gaussian representation of the theoretical atomic fac-
tors can be used to account for the residual terms[48].

According to the conventional rigid-core assump-
tion, the asymptotical reliability can be achieved within
sufficient accuracy by using the current theoretical free-
atom scattering factors with the appropriate atomic
positions and motion parameters. For this purpose, the
model should be refined to find the values of these
parameters and, at the same time, to bring the observed
structure factors to the absolute scale and correct them
for extinction and anomal ous scattering.

For Mn?*, the relativistic Hartree—-Fock values from
the International Tables for Crystallography [49] were
used and for O%, the atomic scattering factors sug-
gested by Sanger [50] and the anomalous scattering
factorsf'=0.295and f" = 0.729 for Mn?* and f' = 0.008
and f" = 0.006 for O?~ suggested by Cromer and Liber-
man [51] (MoK,).

The structure factors were scaled to the fcc unit cell
with four molecules with the origin of the representa-
tion being taken at the cation position. The atomic posi-
tions (0, 0, 0) and (1/2, 0, 0) for Mn?* and O? are fixed
by the crystal symmetry and have the cubic site symme-
try m3m. Thus, we have to refine the isotropic Debye-
Waller factors of the two ions.

In principle, the refinement can be performed either
asalocal Fourier-refinement of the difference densities
at the atomic positions or as an “asymptotic’ least-
squares refinement of the structure factors at high
sin©/A values.

Since no procedure has been developed to include
the extinction parameters in our iterative local Fourier
refinement, at the first stage, we used the Linex pro-
gram written by Becker and Coppens [52] to refine the
extinction model together with the scale and the
Debye-Waller factors.

All the possible combinations of the extinction mod-
els were tried—isotropic and anisotropic, mosaic-spread
and particle-size type, with and without primary extinc-
tion. Isotropic mosaic-spread extinction gave alower R
factor, 0.005 and 0.004, than the particle-size extinction,
0.006 and 0.005 for MnO at 298 K and 85K, respec-
tively, and yielded the values 0.032(2) x 10* rad™ and
0.039(2) x 10* rad for the mosaic spread parameter g
and B(Mn) = 0.300(16) A2, B(O) = 0.395(47) A2 and
B(Mn) = 0.260(16) A2, B(O) = 0.379(47) A2, for theiso-
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Table 1la. Structure factorsfor MnO at 298 K Table 1b. Structure factorsfor MnO at 85 K

hkl [2sn6/\ A Fy F. OF, y hkl [2sne/\ A Fy F. 5F, y
000 0.0000 132 000 0.0000 132

111 0.3909 51.83 5251 | 027 | 0.894 111 0.3914 51.97 | 52.59 0.30 | 0.874
200 0.4514 93.21 9299 | 041 | 0.704 200 0.4520 93.47 | 93.16 0.40 | 0.661
220 0.6383 73.48 73.86 | 034 | 0.869 220 0.6392 74.14 | 74.15 0.15 0.858
311 0.7485 39.88 40.79 | 0.18 | 0.959 311 0.7495 4093 | 41.01 0.18 0.954
222 0.7818 62.69 61.96 | 028 | 0.929 222 0.7828 62.89 | 62.36 0.30 | 0.914
400 0.9027 54.41 53.80 | 022 | 0.953 400 0.9039 5450 | 54.28 0.19 0.943
331 0.9837 33.33 3241 | 015 | 0.983 331 0.9851 3345 | 32.73 0.14 | 0.980
420 1.0093 47.11 4787 | 019 | 0962 420 1.0106 48.40 | 4841 0.19 0.959
422 1.1056 43.50 4339 | 017 | 0.974 422 1.1071 43.69 | 43.99 0.18 0.968
333 1.1727 27.71 2711 | 014 | 0.991 333 1.1743 27.98 | 27.49 0.12 0.989
511 1.1727 27.10 2711 | 012 | 0.990 511 1.1743 2756 | 27.49 0.12 0.988
440 1.2766 37.35 37.09 | 013 | 0.985 440 1.2784 3799 | 37.79 0.18 0.981
531 1.3352 23.48 2359 | 0.07 | 0.992 531 1.3370 2354 | 24.04 0.10 | 0.992
442 1.3541 35.45 34.79 | 0.18 | 0.987 442 1.3559 3561 | 3554 0.16 0.984
600 1.3541 34.98 3479 | 0.16 | 0.985 600 1.3559 3531 | 3654 0.19 0.982
620 1.4273 32.93 32.87 | 013 | 0.988 620 1.4293 3344 | 33.66 0.12 0.985
533 1.4799 21.40 21.13 | 007 | 0.994 533 1.4819 2238 | 21.63 0.11 0.994
622 1.4970 30.69 3122 | 012 | 0.990 622 1.4990 3173 | 32.05 0.10 | 0.987
444 1.5636 30.72 29.78 | 0.14 | 0.991 444 1.5657 30.89 | 30.65 0.15 0.988
551 1.6117 19.10 19.30 | 0.10 | 0.996 551 1.6139 20.40 | 19.85 0.10 | 0.995
711 1.6117 18.90 19.30 | 0.09 | 0.995 711 1.6139 19.33 | 19.85 0.10 | 0.995
640 1.6274 28.37 2851 | 0.09 | 0.990 640 1.6296 29.29 | 29.42 0.15 0.990
642 1.6888 27.31 2736 | 0.01 | 0.991 642 1.6911 2859 | 2831 0.14 | 0.988
553 1.7335 17.81 1784 | 0.08 | 0.996 553 1.7359 1798 | 18.44 0.10 | 0.995
731 1.7335 17.99 1784 | 0.07 | 0.996 731 1.7359 1852 | 18.44 0.09 0.996
800 1.8055 25.22 2536 | 010 | 0.993 800 1.8079 26.01 | 26.36 0.10 | 0.991

tropic Debye-Waller factors at 298 and 85 K, respec-
tively. No more significant improvement was achieved
when using any of the more sophisticated models.

The “experimental” structure factors thus obtained
werethen used astheinitia valuesfor afurther iterative
local Fourier-refinement of the scale and the Debye—
Waller factors (cf. [53]). The data obtained at 298 K
lead to afurther change in the scale by 0.2%, while the
scale factor for the data obtained at 85 K remained
unchanged. Thefinal refined values, B(Mn) = 0.305 A2,
B(O) = 0.426 A2 and B(Mn) = 0.257 A2, B(O) =
0.368 A2, were adopted as the Debye-Waller factors of
the reference model at 298 and 85 K, respectively.

The refinement also yields experimental structure
factors F, on an absolute scale corrected for isotropic
mosai c-spread extinction and anomalous dispersion. In
what follows, these values, listed in Table 1 together
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with the extinction factors 6F§, are subjected to the
multipole analysis. The uncertainties F, in the table are
the standard errors of the mean.

To verify the nature of the residual experimental
information, a number of refinement cycles of the
Debye-Waller factors were performed for partial data,
where the higher order reflections above different cut-
off values of sinB/A were omitted, with the scale factor
fixed at the value found with the total set of the data. It
was found that, with increasing cut-off value, the ther-
mal parameters smoothly approach their final values
and remain stable beyond 0.8 A-L. This suggests that,
beyond that limit, the X-ray data cannot give the devia-
tions of theionic formfactors from their theoretical val-
ues. Thus, the higher order reflections do not contain
any further information on the electronic deformations
and are not used in the subsequent multipole analysis.
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RESULTS

Once the reference model has been fixed, the calcu-
lations required for the multipole analysis of atomic-
charge densities can be straightforwardly performed.
The principlesof the analysiswere considered earlierin
different contexts [5, 44, 54-56]. Each i atom is dis-
cussed separately on the basis of the site-symmetric
multipole expansion of the crystal charge-density cen-
tered at the atom site

Pi(r) = pin(r)Kn(8, 9),

where r; denotes the radial distance from the atomic
site, and on the basis of the corresponding form factor
expansion

filb; R) = 5 fin(b; R)KA(6, 9),

which is the Fourier transform of the charge-density
expansion cut at a computational spherical-partitioning
radius R of theion. K,, are the cubic harmonics O, cor-
responding to the point symmetry m3m [58], and the
angular variables 8 and ¢ refer to the local axes, which,
inthis case, are parallel to the axes of the cubic crystal.

Figure 1 shows the radial accumulation-of-charge
densities

So(r) = 4mpo(r)r!

and the radial €lectron counts
R

Zio(R) = Isio(r)dr
0

around theionic sites.

Table 2 isrelated to Fig. 1 and gives the following
spherical characteristics of the ionic charge distribu-
tions:

(1) Theradii r,, of best separation at which the radial
accumul ation-of-charge densities r,, reach their minima
as ameasure of the size or the effective “range” of the
ionic charge distribution;

(2) the corresponding minimum radial density
Somin = S(Fo) @ ameasure of the nonseparability of the
ion from its surroundings,

(3) the electron count Z,, = Z(r,) within the radius of
best separation, asameasure of the charge concentrated
in the main bulk of the ionic charge density peak; and

(4) the radii r,, and r,_, where the electron counts
reach the values 23e and 10e corresponding to the dou-
bly ionized states.

Figure 2 presentsthe radial multipolar scattering fac-
torsf,,(b; R) asdeviationsfrom the reference model. The
partitioning radii Ry, = 1.25 A and R, = 1.30 A were
deduced on the basis of Fig. 1 and were assumed to be
dightly larger than the radii r,, of best separation [59].
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Because of the normalization of the cubic harmon-
ics to the maximum value, 1, the curves directly show
the maximum contribution (to be multiplied by 4 for an
fcc unit cell) of the component to the structure factors
of the crystal as a function of the reciprocal-vector
magnitude b = 2sin@/A. Their error bars indicate also
the significance of the components with respect to the
errors of the mean of the structure factors. All the com-
ponents up to the 10th order were calculated. The first
three nonspherical components of orders 4, 6, and 8 are
of about the same significance, while the 10th-order
component isinsignificant and, therefore, is not shown.

For visualization and easier interpretation, the same
components are also represented in real space in terms
of the multipolar accumulation-of-charge densities

Sn(r) = Bnpin(ri)ri2 around the ionic sites shown in

Fig. 3. Again, the curves represent the deviations from
the reference model. The normalization constants B,, =

I K,(6, $)dQ [53] ensure that the areas under the
K >0
curves give the electron counts under the positive lobes
of K,(6¢) within the radii R. These multipolar electron
counts serve as nonspherical integral characteristics of
the ionic charge distributions, as is indicated by the
numbersin the figures.

The results are visualized in Fig. 4 in terms of dif-
ference-density maps representing the multipole
expansions at the ionic sites, as composed by the com-
ponents shown in Figs. 2 and 3. For each ion map, the
three main lattice planes (100), (110) and (111) passing
through the ionic site are shown.

For comparison, the conventional Fourier differ-
ence-density maps in the same planes are shown.
Finally, views on the 3-dimensional nature of the ionic
multipole expansions are shown in Fig. 5 to support the
discussion of results.

DISCUSSION

The comparison of the radial densities s, of the ref-
erence model at two different temperatures presented
by the dotted lines in Fig. 1 and by the corresponding
parameters in Table 2 shows that the effect of the tem-
perature factors on the nature of the ionic-charge distri-
butions is negligible. Thus, the differences in the char-
acter of the experimental curves and the parameters at
the two temperatures are of electronic origin and can be
attributed to the differencesin the magnetic states. They
are evident from the deviations of the experimental
curves from the reference curves in Fig. 1 and in the
numerical values listed in Table 2. On a larger scale,
they are shown by the As, curvesin Fig. 3.

The radial density s,(r) in the region of overlap
around the oxygen atom is obviously reduced in com-
parison with that for the reference model. The peaksare
compressed and the minima are sharpened, thus
improving the separation of the atoms from their sur-
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ionization of the ions are indicated for the experimental curves.

roundings and yielding well-defined radii of best sepa-
ration of the ions from their surroundings. These fea
turestypical of ionic crystals[44, 53] are exceptionally
strong in the paramagnetic state. In both states, the oxy-
gen peak is about 9e, a value known for several other
oxides [54, 57]. The radius M- corresponding to the

double ionization of oxygen or 10eis obvioudy larger,
thus indicating that the tenth electron is distributed in a
wider region between the main density peaks.

In manganese, the deviations from the reference
model are of adifferent nature. In the antiferromagnetic
state, the “ionic” sharpening of the separating minima
is seen. However, it is caused by a slight expansion of
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the outer part of the ion. In the paramagnetic state, the
minimum is flattened because of a somewhat inner
expansion leading to a rather undetermined separation
radius and to a higher value of the minimum density,
whichismoretypical of covalent bonding. The electron
counts indicated in Table 2 differ only because of the
different radii used. In both states, the electron count of
the manganese peak is very close to 23e corresponding
to doubleionization.

It should also be noted that the radial accumulation-
of-charge densities at the minimaare essentially higher
than could be expected for anionic crystal (cf. [54] and
[44]). Manganese and oxygen in paramagnetic MnO
have the highest and the |east values, respectively. Both
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Table 2. Spherical characteristics of the ionic electron dist-
ributions: radius r,, of the best separation at which the radial
accumulation-of-charge density sy(r) reaches its minimum;
the minimum radial density sy, = so(ro); the electron count
Zy = Zy(ry) within the radius of the best separation, and the
radii r,, and r,_, where the electron counts reach the values
23e and 10e corresponding to the doubly ionized states

M n2+ o Somin ZO o4
experiment
298 K 120A | 442eA | 2334e | 1.12A
85K 105A | 323e¢A | 2259e | 1.16A
reference model
298 K 115A | 357¢A | 2315e | 1.11A
85K 110A | 357e¢A | 2297e | 1.10A
02_ o Somin ZO foo
experiment
298 K 1.22A | 261eA 9.00e | 147A
85K | 125A | 3.75¢A 921e | 145A
reference model
298 K 120A | 4.13€A 8.80e | 144A
85K | 1.20A | 420eA 8.80e | 144A

these values pronouncedly change in the transition to
the antiferromagnetic state, but aong different direc-
tions.

The above differences indicate the exchange of the
roles of the two ions as a result of the magnetic phase
transition. The nonspherical radial accumulation-of-
charge densities As, = 4.6 and 8 in Fig. 3 throw some
further light on their 3-dimensional nature.

Considering the angular behavior of the cubic har-
monics schematically presented in Figs. 2 and 3 (cf.
[60Q]), itispossibleto notethat at distanceswith positive
values of A(r), the 4th-order component transfers elec-
trons from the 0 110to the (100Cdirections, the 6th-
order component from the [1100mainly to the [1110]
and, to a somewhat lesser extent, to the [1000direc-
tions, while the 8th-order component collects electrons
rather sharply to the [100Cand, to some extent, also to
the [(1100directions from the intermediate directions.
For negative values of A(r), thetransfer hasthe opposite
sense. Thus, considering the sign combinations in the
inner and outer regions and comparing them, one can
roughly deduce the 3-dimensional nature of the com-
bined components to be related to the nature of the dif-
ferent electronic effects in two atoms in two magnetic
states.

Here, the map representations in Fig. 4 give impor-
tant support. However, it should be noted that, in the
local map representations, only those features are sig-
nificant which are significant in the angular-integral
representation in Fig. 3. Thus, the difference densities
at the ionic centrain any of the maps can be ignored.
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Similarly, no local features of the Fourier mapsthat are
not seen in the multipolar mapsin Fig. 4 can arise from
the integral systematics of the low-order multipoles
and, thus, can be regarded insignificant. The compari-
son with the multipolar maps allows us to follow how
features seen in the Fourier maps originate from the
electronic behavior of different atoms[41].

In paramagnetic MnO, the most striking feature is
the concentration of electrons in the Mn?* ion in the
twelve equivalent [1100directions. Thisis clearly seen
from al the maps constructed through the Mn site,
because they have a common [110C1ine. In the Fourier
maps, this can give rise to bondlike concentrations of
electronsindicating the electronic Mn—Mn interactions
between each Mn ion with its twelve Mn neighbors.
This explains the flattening of the separating minimum
of theradia density in Fig. 1.

The origin and nature of thisformation is somewhat
unclear. In the Mn multipole maps, the formation seems
to be caused mainly by the electrons of the Mnions par-
ticipating in both internal and external coupling. How-
ever, it extends beyond the radius r_. of double ioniza-

tion. Nevertheless, the formation is also visible in the
oxygen multipole maps, which is obvious from the
comparison of the multipole and the Fourier maps in
the (100) and (110) planes, whereit isseento bridgethe
neighboring oxygen atoms. In the 3-dimensional view
in Fig. 5, it appears as a cage surrounding an oxygen
ion. In the periodic crystal structure, these cages build
up a 3-dimensional net with a pocket for each oxygen
atom. Therefore, although this formation lies beyond
any reasonable separating radius, the oxygen ion prob-
ably plays a certain role in its formation. Then, some
electronic Mn-O interactions should be involved.
There should also be the space to hide the “lacking
tenth electron” of O%-.

The formation of a net structure is a parallel phe-
nomenon to the formation of an oxygen net structure
observed in beryllium oxide [5]. A closer look at the
results of the multipole analysis of some other oxides
[54] shows that the formation of such interatomic nets
might be amore general phenomenon in oxides.

In addition, the multipole maps show the significant
deformation of both ions. In oxygen, this appears as an
additional concentration of electronsin the (100[direc-
tions. In manganese ions, the charge density is signifi-
cantly reduced in these directions. These features are
similar in nature to the ionic deformations observed in
ionic crystals [44, 54]. While they are caused by elec-
trostatic cation—anion interactions, they are electroni-
cally internal features of each ion.

The peak that appears on the (110) Fourier map at
the empty 1/4, 1/4, 1/4 position is a local feature that
cannot be attributed to any systematic integral behavior
of the charge density. Inintegration, it isfound to be an
accumulation of 0.016 electronsonly, i.e., isnegligible.
Thus, it is atypical artefact of the local Fourier repre-
sentation.
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The most obvious changes caused by the transition
to the antiferromagnetic state is the disappearance of
strong Mn—Mn bonding. There are some traces of such
bonding, but the effect is much weaker than in the para-
magnetic state. Now, there is no bridging between oxy-
gen atoms, and it is unclear whether the net formation
is still continued, although the areas of low but contin-
uous additional charge density surrounding the oxygen
in the multipolar maps and on the (111) Fourier map
give adlight indication that the net formation still pro-
ceeds.

The general appearance of the deformations attrib-
uted to the electrostatic cation—anion interaction have
not changed essentially. |n manganese, they are weaker,
as can be seen from the reduction of the 4th- and 6th-
order radial densities (Fig. 3). In oxygen, these compo-
nents interchanged their roles, which leads to the gen-
eral impression that the effect has become somewhat
stronger. This and the obviously higher minimum value
of the spherical density in Fig. 1 indicate the presence
of some electronic O—Mn coupling.

The combination of two positive and two negative
peaks around the empty 1/4, 1/4, 1/4 position on the
(110) Fourier map isalocal feature and an obvious arte-
fact.
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Abstract—The structural evolution of the deformed hydrogen-saturated Pd—Ta alloy has been studied by X-ray
diffraction methods. It is established that, within the first 2025 hours upon saturation with hydrogen, the
expansion of the crystal lattice due to hydrogen dissolution in the system is accompanied by the transformation
of defect—metal (D—-M) complexesinto hydrogen—defect—-metal (H-D—M) ones, which provides the anisotropic
contraction of the lattice. It is aso shown that relaxation of inhomogeneities (H-D—M complexes and the sur-
rounding transient regions) formed at the early stages of the process are, in fact, dynamic dissipative structures.
The stochasticity of the structural changesis associated with the specific features of diffusion motion of atoms
between the complexes, transient regions, and the matrix. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Asiswell known[1, 2], adeformable solid isa self-
organizing system whaose evolution results in the for-
mation and transformation of dissipative structures.
Metal-hydrogen systems belong to this type, because
hydrogen absorbed by a metal gives rise to internal
stresses deforming the metal lattice [3, 4].

Earlier [4], it was revealed that upon saturation of
the Pd-W dloy (11.3 at. % W) with hydrogen, the
intensities of the 200 and 400 X -ray diffraction maxima
and the logarithms of their ratio oscillated with time
and, upon a short period of broadening of these max-
ima, their intensities showed stochastic changes with
time.

The change in the logarithm of the intensity ratio
withtimerevealed in [4] shows, in accordance with [5],
the alternative appearance and disappearance of small
clusters, which proves the occurrence of self-organiza-
tion processes in the cluster subsystem of the Pd-W-H
aloy.

In the deformed two-phase Pd—Er alloys saturated
with hydrogen, phase transformations of a stochastic
nature were first observed in [6-8]. This phenomenon
was explained by the fact that, upon saturation with
hydrogen, the defect—metal (D—-M) complexes existed
in the alloy prior to saturation with hydrogen were
transformed into hydrogen—defect—metal (H-D—-M)
ones. As a result, the inhomogeneities in this system
acquire a multilevel nature. Under certain conditions,
similar systems can be considered asfractal ones. At cer-
tain relationships of the relaxation times of the system
variables and sufficient concentrations of the H-D—-M
complexes, the behavior of these systems should be
described by a strange attractor, whereas the system
evolution should acquire stochastic character. The data

obtained also prove the cooperative nature of the pro-
cesses occurring in different parts of the system [9]. Al
these facts indicate that the self-organization processes
characteristic of metal-hydrogen systems occur not
only in the defect subsystem.

Obviously, athough these phenomena are associ-
ated with the specific features caused by the saturation
of the defect subsystem with hydrogen, their temporal
and other characteristics should be essentially depen-
dent on the electronic structure of a dopant, the diffu-
sion coefficient, and the direction of the diffusion flows.
Therefore, it is very important to establish the objects
and their initial states characterized by the nontrivial
kinetics of phase transformations. As was shown else-
where [8], the nontrivial kinetics is characteristic of
systems which, in the initial state, were subjected to
some perturbation-inducing treatment. Therefore, one
of the major directions today is the search for aloys
which, being saturated with hydrogen, would have the
nontrivial kinetics of phase transformations. Since pal-
ladium is a hydrogen-absorptive metal, the problem
reduces, first and foremost, to the determination of the
Pd-M aloyswith really nontrivial kinetics. The present
study is dedicated to such a nontrivial kinetics in the
Pd-Ta—H system, which has never been considered
before.

EXPERIMENTAL

The study was performed by the methods of X-ray
diffractometry [6-9] on a PC-controlled DRON-UM2
diffractometer providing the acquisition and the treat-
ment of experimental data. The 111, 200, 220, 311, and
222 diffraction lines were recorded using the mono-
chromatic Cu—K,, radiation. All these diffraction max-
imawere measured prior to alloy saturation with hydro-
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gen, upon the first and the second cycles of such satura-
tion, and aso in the process of aloy relaxation. The
measurements were made immediately upon comple-
tion of the saturation cyclesfor quite along time (every
day within a period of about eight days). We measured
the reflections in the sequence 200, 220, 311, etc. This
provided the collection of the data on the kinetics of
displacement of the diffraction maxima, the changesin
their shape, and, thus, on the evolution of the structure
and the elastic stresses in the coherent-scattering
regions of different orientations with respect to the
hydrogen flow.

The samples of the Pd—7 at. % Ta aloy were pre-
pared by melting pure (99.98 wt %) componentsin an
electric-arc furnace in the titanium atmosphere with the
use of aTi getter. The samples thus prepared were sub-
jected to one day (24 h) homogenizing annealing under
apressure of ~107¢ mm Hg at 900°C. Upon homogeni-
zation, the samples were cut by the electric-spark
method. Then, the working surface of a sample was
ground and polished with the aid of various diamond
pastes until the attainment of a mirror-smooth surface.
The diffuse diffraction maxima showed that the above
treatment resulted in the deformation of a surface layer
with a thickness of 10-um exceeding the penetration
depth of X-rays. The samples prepared by the above
method had the shape of disks 16-18 mm in diameter
and 2-5 mm in thickness. Hydration was performed in
an agueous (double distilled) 4%-NaF solution in an
electrolytic bath at room temperature. The sample
played the role of a cathode and the anode was a Pt
plate. The initial 15-min-long cycle of hydration was
performed at a current density of 40 mA/cm?; then,
upon 176-h-long measurements, the samples were sub-
jected to anew 15-min-long cycle of hydration at acur-
rent density of 80 mA/cm?. The amount of electricity
passed through the surface unit of the sample attained
36 C in the first and 72 C in the second saturation
cycles.

It should be indicated that, according to the latest
data[10], the Tasolubility in Pdiscloseto 15 at. % Ta;
in the two-phase region, the face-centered cubic and the
ordered (by the TiAl;-type) body-centered tetrahedral
phases coexist. The microprobe analysis of the diffu-
sion layersin this systems also showed the existence of
anumber of nonequilibrium phases [11]. The ability of
Tato absorb hydrogen resultsin the formation of two Ta
hydrides—TaH and Ta,H [12]. However, the solubility
of oxygen in the aloys studied decreases with an
increase in the Ta concentration [13].

Aswas shown in [14-16], the grinding and polishing
of the samples of Pd aloys gaveriseto elastic stresses o
resulting, in turn, in such an increasein interplanar spac-
ings with the Miller indices hkl that the experimentally
observed values of a,y = dy(h* + K + 12)!/2 were often
inconsi stent.
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In this case, the dependence of a,, on (hkl) has the
form

Ay = 3+ 0Ky, (1)

where a, isthe lattice parameter of acubic crystal inthe
absence of elastic stresses o; Ky = ~(WE) = Si, +
SI; U isthe Poisson ratio; E is the Young's modulus;
S =S, - S, - Su/2 istheanisotropy constant; S, S;,,
and S,, are the elastic-compliance constants; and I' =
(K2 + 17h? + KI2)/(h? + K2 + 12)%. If 0 is negative (the
interplanar spacings along the surface normal are over-
estimated), then a,, > a,,;; if 0 is positive, then a,y, <
a,,;- The above expressions were obtained by Reuss
[17] for the model in which the local stresses acting
onto individual crystallitesin the system were assumed
to be equal.

Since the a,0K},, value does not exceed 1% of a,,
then o, in Eq. (1) can be replaced by ¢'. The a, and o'
values were calculated from the experimental data by
the least squares method.

EXPERIMENTAL RESULTS

The most valuable results were obtained for the 200,
220, and 311 reflections. The characteristic diffraction
curves recorded for these reflectionsin various states of
the sample upon the first and the second cycles of satu-
ration with hydrogen are shown in Figs. 1-6. The a,,
a,, and o' values calculated from these data for the ini-
tial state and the states upon 50-176-h-relaxation are
indicated in table.

The first reflection measured upon saturation with
hydrogen was 200 (Figs. 1, 2). Theinitial plot (Fig. 1a)
was a dightly broadened Lorentzian curve. Upon
0.5-h-saturation of the first cycle, the shape of this
curve had considerably changed (Fig. 1b). On the side
of smaller 26 angles, an additional peak was formed,
which was displaced by 0.2° with respect to the main
peak. The intensity of the additional peak drastically
decreased upon 3.3-h-saturation with hydrogen and
approached the position of the main peak (Fig. 1¢). The
resulting maximum turned out to be displaced by 0.3°
towards larger angles with respect to its position in the
previous state. Upon 3.2-h-saturation, it displaced by
0.1° more toward larger angles (Fig. 1d). Then, the
position, the shape, and the asymmetry of this maxi-
mum showed stochastic oscillations within the whole
time of the subseguent observation (171 h). These
effects were the most pronounced for the 220 and
311 reflections and, therefore, they are considered in
detail together with the other datafor these reflections,
whereas now we only indicate that the shape of the
200 maximum had changed after 23.5- and 171-h satu-
ration.

Consider the change of the 200 diffraction maxi-
mum upon the second saturation cycle (Fig. 2). Theini-
tial curve obtained 171 h after the first saturation cycle
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Fig. 1. Temporal change in the position and profile of the
(200) diffraction line upon the first cycle of saturation with
hydrogen.
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Fig. 3. Tempora change in the position and profile of the

(220) diffraction line upon thefirst cycle of saturation with
hydrogen.

is amost symmetric (Fig. 1f). Half an hour after this
saturation cycle, the line is displaced by amost one
degree toward smaller angles and becomes broader and
lesssymmetric (Fig. 2a); 3 hlater, itisdisplaced by half
a degree more toward larger 20 and becomes even
broader and more asymmetric (Fig. 2b). Still 2.5 hlater,
the line is displaced by 0.1° in the same direction; its
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Fig. 2. Temporal change in the position and profile of the
(200) diffraction line upon the second cycle of saturation
with hydrogen.
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Fig. 4. Tempora change in the position and profile of the
(220) diffraction line upon the second cycle of saturation
with hydrogen.

top becomes narrower but its base is broadened
(Fig. 2c). After the next 2.5 h, the top of the curve
becomes still narrower, but the maximum is only
dlightly displaced in the same direction (Fig. 2d). Two
hours later, the shape of the maximum becomes pro-
nouncedly asymmetric (Fig. 2e) (here, the asymmetry
is understood as the merging of aweak additional max-
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Fig. 5. Temporal change in the position and profile of the
(311) diffraction line upon the first cycle of saturation with
hydrogen.

imum with one of the sides of the main maximum). The
existence of this maximum on the side of smaller dif-
fraction angles corresponds to the negative sign of
asymmetry. A further increase in the time upon the sec-
ond and thefirst saturation cyclesresultsin oscillations
of the positions, shapes, and asymmetry of the diffrac-
tion curves.

Thus, the behavior of the 200 diffraction maximum
inthefirst hours upon thefirst and the second saturation
cyclesis quite different. Half an hour after the first sat-
uration cycle, the diffraction maximum consisted of
two merged maxima, with the position of the first one
being unchanged, whereas the position of the second
one was displaced by 0.2° toward smaller angles. The
same time after the second saturation cycle, the diffrac-
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Fig. 6. Temporal change in the position and profile of the
(311) diffraction line upon the first cycle of saturation with
hydrogen.

tion maximum showed almost 20% broadening and
was displaced by 0.7° toward smaller 26 angles. With
anincreasein thetime upon thefirst and the second sat-
uration cycles, the maximum was displaced toward
larger angles. However, upon the first saturation cycle,
the maximum was displaced from the 26 value close to
the value observed for the unsaturated sample, whereas
upon the second saturation cycle it was displaced from
the 26 value attained upon the considerable displace-
ment of the maximum toward smaller angles caused by
its saturation with hydrogen.

The characteristic features of the displacement of
the 220 diffraction maximum are similar to those
observed for the 200 maximum: the diffraction profiles
in some states consist of several components, which
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L attice parameters a,,,; and a, and 0

Upon thefirst |Upon the second
hid Intheinitia | cycle of satura- | cycle of satura-
state, A | tion (50-176-h | tion (50-150-h
relaxation) relaxation)
111 3.8989 3.8902 3.8938
200 3.9084 3.8823 3.8815
220 3.9012 3.8879 3.8879
311 3.9040 3.8843 3.8855
222 3.9004 3.8905 3.8928
400 3.9072 3.8819 3.8815
ag, A 3.8961 3.8934 3.8971
o, kg/mn? | =50 50 70

Note: Aa=0.0007 A and Ac = 4 kg/mm?.

indicates the multiphase state of the aloy in the corre-
sponding states (Figs. 3, 4) (in accordance with [18],
here, a phase is understood as a homogeneous region of
the substance). Thus, upon each cycle of saturation with
hydrogen (Figs. 3b, 4b), the diffraction curves con-
sisted of several well-resolved maxima. The most inter-
esting feature is that the character of the multipeak dif-
fraction curves changed every few hours. The changes
in the diffraction curves (Figs. 3b—3f, 4b—4f) directly
reflect the formation and the transformation of several
phases (since these phases are nonequilibrium, this
phenomenon is consistent with the Gibbs rule) associ-
ated with the redistribution of Pd and Ta atoms between
different regions of crystallites. The changes in the
number of the formed and the transformed phases and
their volume ratios indicate their stochasticity.

The 311 reflection (Figs. 5, 6) was first measured
1.5-2.0 h after each saturation cycle. It was established
that the first signs of the lattice expansion appear only
after the second saturation cycle. In the initial state
(prior to saturation) (Fig. 5a), the 311 maximum had a
diffuse Lorentzian shape. Two hours after saturation
with hydrogen, the maximum was displaced toward
larger 26 angles with the top of the maximum being
asymmetric and considerably broadened (Fig. 5b).
Upon 2.7-h-relaxation, the top of the maximum became
narrower (Fig. 5¢), and 3.1 h later, broadened again
(Fig. 5d); then, still 2.7 h later, the maximum became
narrower with both its wings becoming lower. The dif-
fraction curve became more symmetric (Fig. 5€). The
above transformations of the shape of the maximum
were accompanied by its displacement by about half a
degreetoward larger 28 angles (in comparison with the
position in the initial state), which corresponded to a
0.02 A decrease in interplanar spacings. The complex
transformations of the diffraction maximum were also
observed upon keeping the sample in air for a long
period. Thus, the curves obtained after 25.5- (Fig. 5f),
29- (Fig. 5g), 32- (Fig. 5h), and 52.5-h- (Fig. 5i) relax-
ation of the sample in air showed oscillations of the
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point of the maximum and the asymmetry sign, which
indicated the complex nature of the diffraction-pattern
evolution upon the first cycle of saturation accompa-
nied by amultiple redistribution of atomsin the system
including the multiple changes of the ratio of the coex-
isting phases and their defect structures. It should also
be noted that the top of the diffraction maximum
observed after 176-h relaxation (Fig. 5j) also indicated
considerable inhomogeneity of the sample and, possi-
bly, the two-phase state of the system.

The experimental data obtained from the different
states of the samples upon the second saturation cycle
(performed 176 h after the first cycle) are shown in
Fig. 6. An hour and a half |ater, after the second satura-
tion cycle, the diffraction maximum was transformed
into a curve consisting of three to four maxima
(Fig. 6a); 2.5 h later, the shape of the diffraction curve
was simplified (Fig. 6b), but it had obvious asymmetry
with the negative sign. After another 2.5 h, the addi-
tional maximum on the side of small angles became
more pronounced (Fig. 6¢), and, 2.5 h later, it wastrans-
formed into an upper wing (Fig. 6d). Seventeen hours
later, the diffraction maximum dlightly broadened
(Fig. 6e), but 2.5 h later this broadening disappeared
(Fig. 6f). However, after the next 5 h, the top of the
maximum broadened again (Fig. 6g), and, at the same
time, aweak, although clear, maximum was formed on
the side of small diffraction angles. Then, 17.5 h later,
the top of the diffraction maximum became dlightly
narrower (Fig. 6h), but the weak maximum on the side
of small angleswas till observed for 98 h after the sat-
uration (Fig. 6i). This maximum disappeared only after
150-h-relaxation (Fig. 6j). It should be indicated that,
unlike the data obtained 176 h after the first saturation
cycle, this state showed no signs of inhomogeneity or
evidence of being atwo-phase state.

The above transformations of the diffraction-maxi-
mum shape were accompanied by its displacement.
Thus, 1.5 h after saturation, the maximum was dis-
placed by more than half a degree toward smaller 26
angles, but then it started moving in the opposite direc-
tion (for 24 h). Then the diffraction maximum showed
small oscillations about its average position.

Thetable showsthe a,,, values obtained for theinitial
state and the states attained 50176 h after the first and
second cycles of saturation with hydrogen. These data
show that, prior to saturation with hydrogen, thea, and o

values were equal to 3.8961 A and —50 kg/mm?, respec-
tively. Upon thefirst saturation cycle followed by 50 to
176-h-relaxation, these values changed to 3.8934 A and
+50 kg/mm?, and, upon the second saturation cycle and
approximately the same relaxation, to 3.8971 A and
+70 kg/mm?. This signifies that, like other systems
studied [6, 15, 16], the saturation of our system with
hydrogen resultsin the change of the elastic-stress sign.
Moreover, it is seen that the a, value upon the first sat-
uration cycleislessthan that of theinitial samples. This
effect can readily be interpreted if one takes into
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account that the data obtained in [19-21] attest to the
appearance of alarge number of vacationsin hydrogen-
saturated palladium-containing systems.

Thus, the study of the changesin the diffraction pat-
terns upon saturation with hydrogen and the subsequent
relaxation of the deformed Pd-Ta aloy showed

—the regular displacement of the diffraction max-
ima which indicated first the expansion and then the
anisotropic contraction of the crystal lattice, which
were different upon the first and the second saturation
cycles;

—the stochastic change of the diffraction-maximum
positions with time upon the completion of the above
processes, which proved the dynamic character of the
H-D-M complexes;

—the considerable complication of the diffraction
curves upon the saturation of the system with hydro-
gen-broadening of the curves, the formation of asym-
metry, and their “multipeak nature” at some stages of
sample relaxation;

—the stochastic transformation of the diffraction-
maximum profiles with time, which indicated the diffu-
sion motion of atoms and their redistribution between
different coherent-scattering regions; and, finaly,

—the formation of multilevel hierarchic defect
structure of crystallites [22].

It should also be emphasized that we managed to
reveal, for the first time, signs indicating the dynamic
nature of the formation of a defect structure, which, in
turn, givesrise to elastic stresses. This directly follows
from the fact that the positions of the diffraction-profile
maxima show stochastic oscillations during relaxation
after the completion of both first and second cycles of
system saturation with hydrogen in the direction of
larger angles.

DISCUSSION

For the first time, we have revealed the nontrivia
kinetics of the structural evolution in deformed hydro-
gen-saturated Pd—Ta—H alloys and established its char-
acteristic features. The structural evolution was studied
for more than 150 h after one- and two-cycle saturation
of the system with hydrogen. The experimental data
showed that the main changes taking place in both
cases consist in the displacement of the diffraction
maxima and the change in their shapes. The specific
features of these changes depend on the number of the
saturation cycle, the time passed after saturation with
hydrogen, and also on the crystallographic orientation
of the reflecting planes with respect to the hydrogen
flow in the coherent-scattering regions. We begin the
analysis of the nature of these phenomenawith diffrac-
tion-peak displacements.

First, compare the data obtained 150-175 h after the
first and second saturation cycles. The a, and o values
obtained after these cycles turned out to be different
(see table). Upon the first cycle, o was equa to
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50 kg/mm?, which indicated that the complete change
in o attained 100 kg/mm?. Despite the double current
density, the total change in ¢ upon the second satura-
tion cycle was 120 kg/mm?, which exceeded by 20%
the total change in ¢ attained after the first cycle. This
signifies that, already upon the first cycle, the number
of the H-D—M complexesformed in the systemisclose
to its possible maximum value. During the subsequent
process, this number increases only insignificantly. The
a, value for the states corresponding to the relaxation
times 50-170 h turned out to be less by 0.0027 A than
the g, value in the initia state (we ignore small posi-
tional oscillations of the tops of the diffraction max-
ima). This result can be explained by the fact that the
saturation with hydrogen results in the formation of a
large number of vacancies which can form various
complexes [19-21]. At the same relaxation time upon
the second saturation cycle, the a, value was dightly
higher than the &, value in the initial state and much
higher (by 0.0037 A) than the a, value upon thefirst sat-
uration cycle. This result shows that the amount of
hydrogen preserved in the system upon the second
cycleis much higher than upon thefirst cycle.

Now, consider the evolution of the positions of the
diffraction maxima between the initial state of the sys-
tem and itsfinal state. Consider the a,;, values upon the
first saturation cycle. The data obtained showed that in
our system the anisotropic contraction of the crystal lat-
tice along the surface normal with the transformation of
the complexes takes place not later than 2 h after the
saturation which is associated with the transformation
of complexes suggested in [6]. The reflections mea-
sured within the period of 1.5 h after the second satura-
tion cycle showed a considerable increase in the unit-
cell parameters (much more pronounced than after the
first cycle) and then, similar to the case of the first sat-
uration cycle, the anisotropic contraction of the lattice
is observed.

According to [15-17], the positions of the diffrac-
tion maximain the systems considered above are deter-
mined by the lattice parameters and the o values. The
changed positions of the diffraction maxima upon the
first and second cycles of saturation can be explained as
follows. Within the first two hours after the second sat-
uration cycle, the changes are provided mainly by the
expansion of the crystal lattice caused by dissolved
hydrogen. The signs of this expansion are observed
only within 1.2 h after the first cycle. Then, the aniso-
tropic lattice contraction is clearly seen, which results
in the change of the sign of ¢ and can be explained only
under the assumption that saturation with hydrogen
changesthe D—M complexes characteristic of theinitial
state into H-D—M complexes playing the role of traps
of hydrogen atoms and, possibly, also of atoms of some
metals.

With dueregard for data[7-9, 23], the above results
indicate that, upon the first saturation cycle, aconsider-
able number of hydrogen atoms move toward the com-
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plexes and transform these complexesinto “ | attice-con-
tracting” traps, which, finaly, results in anisotropic
elastic compression. In the second cycle of saturation,
hydrogen atoms move mainly to the matrix and expand
it, whereas only a small number of hydrogen atoms can
participate in trap formation. Therefore, the resulting
a,y values 150-175 h after both saturation cycles
turned out to be rather close.

It is interesting that 25-30 h after saturation with
hydrogen, we observed the effect of stochastic oscilla-
tions about some average values of interatomic dis-
tances. These average values considerably differ from
the corresponding values for an unperturbed matrix.
This behavior of the system indicates that, in addition
to the global minimum, the dependence of the thermo-
dynamic potential on theinteratomic distances also has
some metastable local minima and, therefore, the sys-
tem preliminarily perturbed by defects and hydrogen
atoms and relaxed upon saturation with hydrogen can
go into one of these metastable minima. It seems that
the minimum corresponding to a metastable state is
rather deep, and the system can exist in this minimum
for quite a long time. It should aso be indicated that
some signs of similar behavior were also observed for
the Pd—Er—H system [7-9]. The dynamic character of
the structural changes in hydrogen-saturated systems
was also indicated in our earlier studies [24—-26].

Simultaneously with the change in interatomic dis-
tances during system rel axation after its saturation with
hydrogen, the diffraction maxima aso change their
shapes. These changes consist in the formation of a
multipeak profile, the broadening of the top or the base
of the maxima, and the appearance and transformation
of the asymmetry. It is clear that these characteristics of
the shape of the maxima stochastically change with
time (see, e.g., Figs. 5a-5], 6a-6j). In the first hours
after saturation with hydrogen, the shapes of the max-
ima considerably change every few hours. However,
the noticeable changes in the shape of the maxima are
also clearly seen within the whole time of observation
(150175 h). Different changes of peak shapes indicate
the existence of numerous differently directed diffusion
flows varying with time, which determines the stochas-
tic nature of thetemporal dependence of phasetransfor-
mations.

The following fact is of specia interest. The dis-
placements of the maxima are provided by the transfor-
mation of the complexes of defects caused by their sat-
uration with hydrogen. Depending on their nature,
these complexes can result either in the contraction or
expansion of the crystal lattice because of the changes
in the interatomic distances in the matrix. The change
of the shapes of the maxima s associated with the fact
that the interatomic distances change differently in dif-
ferent regions of the matrix. Also, in parallel with the
change of theinteratomic distances, the atoms of differ-
ent kinds move from some regions of the matrix to oth-
ers. Obviously, the second effect is possible only under
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the assumption that metal atoms also participatein this
motion. The similar stochastic nature of the temporal
changes of various diffraction characteristics indicates
the relation between the formation of complexes of
defects and the diffusion motion of metal atomsin the
matrix. It seemsthat we deal here with several different
effects—the motion of atoms between the complexes
and the transient regions or specific “clouds’ and also
between these clouds and the matrix. First of all, this
indicates that these complexes are dynamic and not
static formations. The clouds are also dynamic forma-
tions. Thus, we can draw the conclusion that the real
structure of crystals is of a multilevel nature. Some-
times, various processes observed in different regions
of the crystal proceed almost independently, but some-
times they occur in the whole crystal volume.

Thus, extensive X-ray diffraction studies of the
structural evolution in some palladium—metal-hydro-
gen systems (Pd—H, Pd-W-H, Pd-Sm—H, Pd-Er-H,
Pd-Mo-H, Pd-Fe-H, and Pd-Ta—H studied above)
allow us to state that the structura evolution observed
at certain stagesin all these systemsis of an oscillatory
nature. Thisis associated not only with the nonequilib-
rium state of the systems but, to a considerable extent,
also with the fact that the structural evolution cannot be
reduced only to the motion of hydrogen atoms in the
solid-state system. An active part in the structural evo-
lution is also played by the motion of metal atoms. The
specific feature of the latter motion should be depen-
dent on the initial defect structure and its transforma-
tion caused by the saturation of the system with hydro-
gen and its subsequent relaxation. In turn, thisis asso-
ciated with the fact that, although the oscillatory (often
stochastic) nature of some stages of this evolution was
revealed in al the above systems, the oscillating frag-
ments of the structure are different in different aloys.
Thus, in the Pd-W-H alloy, the alternating appearance
and disappearance of small defect clusters was
observed, which, sometimes, was changed to the for-
mation and dissociation of large dislocation loops [4].
In the Pd-Er—H [3, 7-9], Pd-Sm-H [21], Pd-Mo—H
[23], and Pd-Ta—H systems, the nonmonotonic changes
of the volume ratios of coexisting phases were
observed. In Pd-Mo—-H [27] and Pd-Ta—H, this change
was accompanied by a nonmonotonic change in the
number of the components forming the diffraction
maxima and the interplanar spacings.

Thus, it was shown that the saturation of the
deformed Pd-Taalloy with hydrogen resultsnot only in
the expansion of the crystal lattice caused by dissolved
hydrogen but aso in the transformation of the D—M
complexesinitialy present inthe aloy into the H-D—M
complexes giving rise to the elastic compression of the
lattice. Upon the first cycle of the system saturation
with hydrogen, the second of these processes becomes
prevalent. The process is aimost completed within the
first saturation cycle and, therefore, in the second satu-
ration cycle, the dynamics of the process is determined
mainly by the dissolution of hydrogen in the matrix
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with the subsequent partial degassing of the system.
The structural state formed as aresult of the above pro-
cesses is metastable, and, thus, the complexes and the
clouds formed are dynamic formations. The gradient
and ascending diffusion flows between the complexes,
clouds, and the matrix (for two-phase systems, one has
to consider two matrices) determine the stochastic
nature of the structural changes upon the completion
(on the whole) of the formation of the complexes and
partial degassing of the Pd—Ta system. We believe that
the processes taking place in the system studied here
should also occur in al the other preliminarily
deformed systems saturated with hydrogen.
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All the agorithms suggested for indexing diffrac-
tion patternsfrom triclinic polycrystals are based on the
use of the quadratic form

g = hix+ky+17z+hkA+hIB+kl,C, (1)

where X = Gy, Y = Goior Z = Goors A = 2./Xy cosy*,
B =2./Xzcosp*, and C=2./yzcosa*. Hereq, = 1/di2,
x=(a*)%, y = (b*)?, z = (c*)%, a*, b*, and c* are the
trandation (unit) vectors of the reciprocal lattice; a*,
[*, and y* are the angles formed by these vectors; and
d; are the interplanar spacings.

If the (hkl); indices are selected, six Egs. (1) provide
the determination of the x, y, z, A, B, C parameters. The
number of these equations can be reduced to threeif we
putx=gq;,y=q, z=q, whereq, g, g, aretheminimum
elements of the array {q,,}, m=1, ..., n. This choice,

with due regard for all the possible (hkl) combinations
satisfying the condition V < V,,, where V is the unit-cell

volume and V,, = 1/(21i2q.,/q,) is its limiting value,
makes this indexing algorithm exhaustive [1-3].
If the reflections with (hk0); indicesin the low-angle

range dominate, then one has to modify the universal
algorithm [1-3].

Let 0,, 0,, and o, be the shortest coplanar recipro-
cal-lattice vectors not related by the collinearity condi-
tion, and q, q;, and q, be the quadratic forms corre-
sponding to these vectors. Putting x= g, and y = ¢}, we
can determine the angular parameter by Eq. (1)

A = (G —hoX—Kny) D/ ke, @)

Similar to [2], we abtain the formulas for exhaustive
sorting of all the indiceswith the automatic satisfaction

of thecondition S* > S, where St = /xy(1 - coszy*)

istheareaand S, isthe limiting area of the reciprocal

unit cell [2]:
S = 9/ Vi 3)

I Thearticleis deposited at VINITI, RAS, 1999, no. 12 (334).

Combining the expression for St and A = 2../xy cosy*,
we obtain a particular quadratic form g, = hrix + kﬁqy +

2h KA/ Xy — (S* )2 . Following thereasoning usedin [2]
for more general expression (1), we obtain

0<hy<,/ya/Sh;
Koz = (—huAz J(hnA) + 2y(gn—h2X)/2y,

where A = 2,/xy—(S%)°. If S% < J/xy, the h, and k,,
vary within the range of real numbers, whereasthe con-
tinuity of functions (4) provides the sampling of possi-
ble (hk0);, combinations. All the planar cells calculated
by formulas (2)—(4) are refined using the set of the
indexed reflections selected in accordance with their
maximum reliability [4]

Ky <k, < ky:

)

D = Z(l—nAqi/S").

Asan example of the z parameter, consider the min-
imum element w, of the {w,} array consisting of those
g, which do not belong to the subset of reflections with
the (hkO) indices. Now, B and C can be determined by
solving the system of equations

_ 2
h!.B+k.| C=w,—R —I’z

where w; and wy, are the minimum elements of the {w;}
array and Ry and R, are selected from the ordered set

R, = h,znx + quy + h kA Since z> X, y, we can put
Il = Im = 1

Now, let us index the diffraction pattern from the
compound W[AL,(SO,); - 18H,0] with w = 2 taken
from [5] (seetable).

Theuse of x=q;, y= g, and reference value q,,, = 40,
allows the calculation of the array of possible (h,, K.)
indices. AtV = 1500 A3, Aq=0.003 and S,, = 0.047 cal-
culated from (5), thisarray consists of 27 elements. The
refinement of the results by (2) and the simplified tran-

&)
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Table

n d q hkl n d q hkl
1 135 0.005487 020 11 5.049 0.039227 140
2 7.35 0.018511 100 12 4918 0.041345 111
3 7.7 0.019450 110 13 4.884 0.041923 140
4 7.04 0.020180 110 14 4.704 0.045192 121
5 6.73 0.022080 040 15 4.643 0.046388 121
6 6.55 0.023309 120 16 4.489 0.049625 060
7 6.37 0.024645 120 17 4.390 0.051888 131
8 6.01 0.027685 001 18 4.329 0.053361 111
9 5.79 0.029829 130 19 4.275 0.054718 150

10 5.601 0.031876 130 20 4.187 0.057042 121

sition to the primitive basic according to a procedure
X4 — X,y —Yy,AN2 — Aath=1,k=2singlesout
the setting of the axes with the parameters x =
0.013803, y = 0.18460, A = 0.00342 at the confidence
D = 11.13. Putting z = s = W;, W= W, = (j,, and
Wy, = W; = ;4 and solving system (5) relativeto B and C,
wearrive (after therefinement) at the Bravais parall €l epi-
ped that differs from the parallelepiped reported earlier
only by the setting; namely, a=26.932 A, b= 7.431 A,
c =6.049 A, a = 97.68°, B = 90.09°, y = 91.91°,
V =1199 A3, It would be difficult to obtain this result
using the universal program [1-3] because of the neces-
sity of cyclic sorting of basis and reference quantities
up to the 14th ¢, element.

Note that the suggested algorithms considerably
reduce the number of sorting procedures in the low-
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angle diffraction range necessary for solving the prob-
lem with the aid of Egs. (1).
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Abstract—Two fluorite-type phases (P and F) possessing different defect structures were isolated from prod-
ucts of doublerecrystallization of amelt of the nominal composition (with respect to the charge) Ba,, s Yb,) ,F; 5.
The P phase crystallized in the space group Pm3mwith a = 6.096(1) A. The structure was refined to R= 2.19%
and R,, = 2.14% (142 independent reflections; AAgK,, radiation, sin6/2 < 1.2 A-!; 20 parameters were refined).
In the primitive cubic unit cell of the P phase, two crystallographic positions are differentiated by the type of
the cations occupying these positions. Thus, the position 1a (0, 0, 0) is occupied predominantly by Y b** cations
(0.8Yb+0.2Ba), whereasthe position 3¢ (0, 1/2, 1/2) iscompletely occupied by Ba?* cations. The F phase crys-
tallized in the space group Fmdmwith a = 6.075(1) A; the structure was refined to R = 0.69% and R,, = 0.85%
(72 independent reflections; AMoK,, radiation, sin®/A < 1.0 A-1; 15 parameters were refined). In the F phase, all

Yb** ions are shifted with respect to BaZ* ions by 0.34 A in the [111] direction. © 2002 MAIK “ Nauka/Inter-

periodica” .

INTRODUCTION

Earlier, the products of crystallization from amelt of
the nominal (with respect to the charge) composition
Ba,Yb,,F,, were studied by X-ray diffraction
methods [1], and two phases (P and F) were found.
The P phase has the unit-cell parameters a = 6.096(1) A
and is crystallized in the space group Pm3m. The F
phase is crystallized in the space group Fm3m with
a=6.075(1) A. It has al so been noted that, although the
Ba?* and Yb’** cations in the crystal structure of the F
phase are statistically distributed over the cavities of the
anionic packing, they are shifted with respect to each
other along the [111] direction by 0.32 A. Apparently,
such “positional splitting” can be considered asthe ini-
tial stage of ordering of the cations.

Inthe crystal structure of the P phase, the ordering of
the cations is even more pronounced. In going from the
fluorite F unit cell (the F phase) to the P unit cdl (the
P phase), the Ba?* ions become completely ordered in
the position 3c (0, 1/2, 1/2), and the position 1a (0, O, 1)

becomes occupied predominantly by ytterbium ions
(0.8Yb** + 0.2Ba*").

In this article, we report the results of the compre-
hensive X-ray study of these two new forms of the
Ba, _,Yb,F,,, fluorite-like phases and provide evi-
dence for the reliability of the principal structure char-
acteristics of these phases. The detailed crystallochem-
ical analysis of the results obtained will be published
elsawhere.

EXPERIMENTAL

Crystal growth was performed by the Bridgman
method in an apparatus equipped with active and pas-
sive heaters. The samples of the P phase were taken
from a crystal rod prepared by double crystallization.
The compositions of the crystals could differ from the
nominal composition by a lower Yb** content due to
variationsin theimpurity component in two crystalliza-
tion experiments. The distribution coefficient of Yb**

1063-7745/02/4703-0372%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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cations in BaF, was smaller than unity. Repeated crys-
tallization was carried out with the use of the most per-
fect first portions of the crystal rod.

The crucible waslowered at arate of 3.6 £ 0.1 mm/h.
The crystal came out from the melting zone to the pas-
sive heater (a therma shield). Then, the heater was
turned off, and the crystals were cooled at a rate of
50-100 K/h.

The fluorinating atmosphere suppressed pyrohy-
drolysisin the course of growth and thus excluded con-
tamination by oxygen. Samplesfor analysis were taken
from crushed crystal rods obtained in several experi-
ments. The analysis of the experimental conditions did
not alow us to explain the formation of two different
forms by any recorded differences in the mode crystal-
lization.

X-ray diffraction studies. Prior to X-ray data col-
lection, the quality of the crystals was examined by
optical methods. The samples were selected under a
binocular microscope with a weakly diverging polar-
ized beam. Isometric grains of dimensions~0.5 x 0.5 x
0.5 mm having no noticeable mechanical impurities
and intergrowth were shaped to spheres by abrasive
grinding. The sampling was hampered by stresses
resulting in substantial distortions of the profiles of
X-ray diffraction reflections.

Particular difficulties were encountered in the work
with the F phase, because its Laue patterns revealed a
pronounced domain structure. Thus, several similar
zonal lines dlightly rotated with respect to each other
were observed upon prolonged expositions. Therefore,
severa tens of crystals were examined.

The main characteristic features of four X-ray dif-
fraction patterns were investigated with a higher degree
of precision on an automated CAD 4F diffractometer.
When performing automated indexing of the X-ray dif-
fraction reflections and searching for orientation matri-
ces, the characteristic features of the domain structure
of the samples were revealed.

These characteristic features were examined in the
following way. The complete list of reflections found
according to a standard procedure comprised 25 reflec-
tions. In none of the cases was the orientation matrix
found by automated indexing based on the completelist
of reflections obtained by this procedure. Analysis of
the complete set of reflections showed that these reflec-
tions can be divided into two groups according to their
intensities, namely, into intense and weak reflections,
the relative intensities of reflections belonging to the
same group being substantially different. Each group of
reflections was unambiguously indexed within the flu-
orite F unit cell with the unit-cell parameter typical of
fluorite structures. The refinement of the unit-cell
parameter using the same set of high-order reflections
(25° < ¥ < 30°) for both domains gave the same value
(6.075(1) A). Thisindicated that the crystals consisted
of at least two domains having identical compositions.
The ratios between the domain volumes, which were
evaluated based on the intensity ratios for the reflec-
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tions with the same indices measured for different
domains, ranged from 1: 2to 1: 20. Themisorientation
anglesfor thea-, b- and c-axes varied from 1° to 6°. No
single-domain crystals were found.

The crystal of the F phase with the best ratio
between the domain volumes (1 : 20) was chosen for
the X-ray diffraction study. The angles between the cor-
responding crystallographic axes of the domains were
asfollows: Ua,—a, = 5.012°, Ob,-b, = 1.293°, and
Oc,—¢, = 0.996°. The experimental X-ray data were
collected using monochromated MoK, radiation
(graphite monochromator, w/26 scanning technigue,
sinB/A <1 A).

When designing the experiment, we took into
account that reflections from different domains can
partly overlap in the detector window and thus be dis-
torted. To avoid this, the measurement of each reflec-
tion was preceded by the rotation of the crystal around
the diffraction vector H, which was brought into coin-
cidence with the reflection position in the equatorial
plane of the diffractometer. The angle of rotation was
calculated in such a way that the diffraction vector H'
corresponding to the reflection of the second domain
was also located in the equatorial plane of the diffracto-
meter. In this case, the diffraction nodes H and H' were
separated by the maximum distance with respect to the
wangle, i.e, they are best suited to the individual mea-
surements of intensities. Following this procedure, we
succeeded in separating and measuring virtually all the
reflections within the total sphere of the reciprocal
space with sinB/A < 1 A-1. As aresult, we collected a
rather complete X-ray data set from the domain of the
F phase characterized by the maximum volume. The
analysis of the reflection profiles demonstrated that we
precluded to a large degree substantial overlapping of
reflections from two domains present in the F phase.

For the P phase, the X-ray data were collected
according to standard procedures from crystals of satis-
factory quality.

The principa characteristics of X-ray data collec-
tion and selected data on the P and F phases are given
in Table 1. For the F phase, the rather high R factor for
the averaging of symmetrically equivalent reflectionsis
attributable to the fact that the crystal contained the sec-
ond domain, which could lead to distortions of the
intensities of some reflections in the averaged groups.
In such a case, one can either exclude the reflections
from the averaging, which differ sharply in intensity
from other symmetrically equivalent reflections, or try
to eiminate the effect of absorption by the second
domain by averaging a large number of equivalent
reflections. In the case of the cubic symmetry of the
crystal (the Laue class m3m), the maximum multiplic-
ity of thereflection is equal to 48, which made it possi-
ble to eliminate the effect of absorption by the second
domain upon averaging the intensities. All the calcula-
tions were carried out with the use of the JANA pro-
gram package [2] taking into account dispersion cor-
rections for X-ray scattering for theions.
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Table 1. Main characteristics of the crystals and details of
X-ray diffraction studies

Composition BapgY bo2F22 BaggYbyoF22
Notation P phase F phase

Sp. gr. Pm3m Fm3m
Unit-cell parame- 6.096(1) 6.075(1)
ter,* a(A)

Number of formula 4

unitsin the unit cell

Crystal shape Sphere Sphere

Size, cm Diameter =0.023 | Diameter = 0.025
Diffractometer Enraf-Nonius CAD-4
Radiation AgKq MoK,
Absorption (UR) 141 2.33
(SINB/A) rax 1.26 1.0
Range of datacol- |Allhandk;1>0 |All hkl
lection

Number of mea 2205 1921
sured Iy

Number I, > 3a(l) 2041 1837
Number of indepen- 142 72
dent reflections

Rint 0.02 0.048

* The unit-cell parameters of both phases were refined based on
identical sets of reflections using MoK, radiation.

STRATEGY OF THE REFINEMENT
OF STRUCTURE MODELS

Thecrystal structures of both phaseswererefined by
the full-matrix least-squares method based on |F| with
the weights 1/0%(JF|). The starting model was based on
the fluorite structure without considering fluorine
atomsin additional positions and their deficiency in the
main position 8c. The refinement was carried out accord-
ing to the procedures that we have generaly used in stud-
ies of nonstoichiometric fluorite phases [3-5].

At thefirst stage, the weighted mean (80% of Baand
20% of Y b with respect to the charge) atomic scattering
curve was used for the cations. The conclusions about
the complete splitting of the cationic positions (P
phase) and the partial ordering of the cations (F phase)
were drawn based on the analysis of difference electron
density maps and the results of the refinement of the
corresponding structure models.

At the fina stages, the occupancies of all atoms
were refined independently to check the chemical com-
position. The occupancies of the cationic positions were
calculated taking into account that the sum of the Baand
Y b atoms per formula unit should be equa to unity. The
total occupancy of the anionic positions was chosen
based on the requirement of the electroneutrality.
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To reduce the correlation between the thermal
parameters and the occupancies (g) of the atomic posi-
tions, we employed step-by-step scanning [6]. Accord-
ing to this procedure, a series of fixed values were
assigned to the occupancies g with a step of 0.02, and
all other structure parameters were refined for each q.
Based on the data obtained, the reliability factors were
plotted against the occupanciesin the form of R, = f(q).
The values of q corresponding to the minimum of this
function were taken as the solutions. The errors of the
determination of the occupancies were estimated based
on the confidence intervals for the functions minimized.
Theamounts of the barium and ytterbium atomsin thefor-
mulas of the phases under study were determined with
an accuracy of £0.03 of the atomic fraction (x).

According to the results of the refinement, the com-
positions of both phases were close (to within the accu-
racy of crystallographic calculations) to the nominal
(with respect to the blend) chemical composition of the
solid solutions under studly.

The composition of the crystal was evaluated
assuming that the equation for the dependence of the
unit-cell parameter of the Ba, _,Yb,F, ., phase on the
composition is applicable to both types of the cubic lat-
tice (regardless of the defect structure). This depen-
dence has been found previously [7] for solid solutions
brought to equilibrium by annealing. At a= 6.096(1) A,
the P phase contained 13.7 mol % of YbF;. For the
crystals of the F phase, a = 6.075(1) A, which corre-
spondsto 16.5 mol % of Y bF;. The compositions deter-
mined by this method differ substantialy from those
obtained based on the structure data. The reasons for
these differences call for further investigation.

The minimum R factors were obtained using a
mixed extinction model (type | + type Il) with the
Lorentz distribution of mosaic blocks. The scaling fac-
tors, the extinction parameters (G) of the crystal, and
the occupancies (q) for all atoms of the structures were
refined based on complete X-ray diffraction data sets.
The fina results of the refinement of some structure
modelsfor the P and F phases are given in Tables 2 and
3, respectively. The data on the characteristic features
of the structure models were obtained in the analysis of

the diagonal (110) sections of the difference electron
density maps (Figs. 1, 2). For the phases of this type,
these sections are most informative, because they show
the positions of al independent atoms of the crystal
structures.

PRINCIPAL STRUCTURE FEATURES
OF THE PHASES

P phase. In the model of the fluorite structure that
was examined at the first stage, the positions 1a (0, 0, 0)
and 3c (0, 1/2, 1/2) were described with the use of the
mixed atomic scattering curve (0.8Ba+ 0.2Yb), and the
fluorine atoms were located in the position 8g (X, X, X)
at x = 0.250. The refinement with the use of this quan-
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Table 2. Results of the refinement of different structure models of the P phase

Sort of the atom, Wyckoff position*, Structure models
parameters refined, R factors | T " v
(Yb, Ba), 1a, (0, 0, 0):
Oyp 0.20 0.20 0.20 0.20
OBa 0.05 0.05 0.05 0.05
By, (A?) 1.51(2) 1.63(2) 1.69(3) 1.64(3)
Ba, 3¢, (0, 1/2, 1/2):
q 0.75 0.75 0.75 0.75
By, (A?) 0.98(4) 0.95(3) 0.95(3) 0.95(3)
Fy(2), 89, (X, X, X):
q 1.381(7) 1.394(7) 1.419(7) 1.409(6)
X 0.228(1) 0.228(1) 0.228(1) 0.228(1)
By, (A?) 1.34(3) 1.28(6) 1.36(9) 2.01(9)
Fy(2), 89, (X, X, X):
q 0.518(9) 0.492(9) 0.509(8)
X 0.287(3) 0.287(2) 0.287(2)
B, (A2 2.09(7) 1.764(7) 2.11(6)
Fe 66 (x 0, 0):
q 0.21(1) 0.19(1)
X 0.397(3) 0.397(3)
By, (A?) 1.96(9) 2.01(9)
Fi, 12, (12,y,y):
q 0.07(1)
y 0.180(2)
By, (A?) 2.01(9)
Fu, 1b, (1/2, 1/2, 1/2):
q 0.02(2)
By, (A?) 1.55(7)
R (%) 4.56 2.87 243 2.19
R, (%) 432 2.73 2.31 2.14
Sum of gz 1.381(7) 1.912(8) 2.121(9) 2.198(9)

* The positions occupied by Fions are labelled by subscripts according to the nomenclature recommended by the International Tables for

Crystallography. In the case of several positions of the same type, the numbers 1, 2, 3, etc. are used; for example, Fy(1) and Fy(2).

titative ratio between the cations located in the posi-
tions 1a and 3c converged to high reliability factors (R
= 10.8% and R, = 11.2%). The refinement of the com-
positions of the cationic positions together with the
occupancy and the only coordination (x) of the major
position of the fluorine atom substantially reduced the
Rfactors (R=4.56% and R,, = 4.3%), the cations being
virtually completely ordered in the structure (model I,
Table 2).

The difference electron density map calculated at
this stage (Fig. 1a) clearly revealsthe principal features
of the structural defects in the P phase, namely, the
residual electron density in the positions 1b (1/2, 1/2,
1/2),6e(x,0,0) at x=0.492, 12} (1/2,y,y) aty = 0.165,
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and 8g (X, X, X) at x = 0.290 and 0.201. In addition, the
map shows maximaof the positive electron density and
minima of the negative electron density, which are
shifted from the major position of the F atoms (indi-
cated by acrossin Fig. 1a) along thethreefold axis. The
presence of these maximaand minimais attributable to
the anharmonicity of thermal vibrations of the F atom,
which was subtracted.

The allowance made for anharmonicity (reduced to
the only non-zero C'>* component of the third-rank ten-
sor) resulted in the reduction of the R factors (R =
2.87% and R, = 2.73%, model 1, Table 2), the corre-
sponding difference map being virtually cleared of the
density in the vicinity of the F atom (Fig. 1b).
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Table 3. Results of the refinement of different structure models of the F phase

Sort of the atom, Structure models
Wyckoff position,
parameters refined, R factors I [l " v \Y

(Ba, Yb), 44, (0, 0, 0):
IBa 0.8 0.8 0.8 0.8 0.8
ayb 0.2 0 0 0 0
B;,, (A% 1.13(2) 1.03(2) 1.09(3) 1.04(3) 1.06(3)
Yb, 32f, (x, x, x):
q 0.2 0.2 0.2 0.2
by 0.0309(3) 0.0309(3) 0.0309(3) 0.0309(3)
B, (A? 0.95(3) 0.95(3) 0.97(3) 0.97(3)
F., 8c, (1/4,1/4,1/4):
q 1.576(6) 1.647(3) 1.651(4) 1.584(4) 1.584(4)
B, (A?) 1.96(2) 2.09(7) 2.09(7) 2.11(6) 2.14(7)
F;, 48i, (1/2,y, y):
q 0.249(9) 0.270(9) 0.286(8)
y 0.162(3) 0.160(2) 0.158(3)
B, (A% 1.96(9) 2.01(9) 2.01(9)
Ff, 32f, (x, x, x):
q 0.230(9) 0.26(1)
x 0.206(9) 0.206(9)
B, (A% 1.97(8) 1.89(7)
F,, 4b, (1/2,1/2,1/2):
q 0.09(1)
B;,, (A% 3.85(2)
R (%) 3.2 1.11 0.94 0.78 0.69

Sum of g 1.576(6) 1.647(5) 1.900(6) 2.084(8) 2.221(9)

At the fina stage of the refinement involving the
above-mentioned additional positions of the F atoms,
the R factors were reduced to R = 2.19% and R, =
2.14% (model 1V, Table 2). It should be noted that the
sum of the F atoms per formulaunit, which corresponds
to the dectroneutrality of the compound (2.2) was
obtained only when all positionsin model IV (Table 2)
were taken into account.

F phase. At the first stage of the refinement based
on the crystal structure of fluorite as the starting model
with isotropic thermal parameters, only the mixed cat-
ionic position 4a (80% of Ba and 20% of Yb) and the
major anionic position 8c were taken into account. The
results of this refinement are presented as model | in
Table 3 (R=3.2% and R, = 3.5%). The electron density
distribution calculated based on these results is shown
inFig. 2a

Asindl Ba, _,RF, ., fluorite phases studied by us
previoudly [4, 5], the mgjor anionic position F. in model
| is to a considerable degree vacant (Table 3), and the
character of the residual electron density distribution is
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indicative of the presence of additional F; atoms on two-
fold axesin the position (1/2, y, y) a y = 0.165.

Compared to the fluorite-type structures studied
previously, model | of the F phase hasthree distinguish-
ing features, which are clearly seenin Fig. 2a. First and
foremogt, thereis arather powerful (~0.7 e/A3) peak of
the residual electron density in the position 32f (X, X, X)
with x ~ 0.03 at a distance of ~0.32 A from the mixed
cationic position.

It is reasonable to relate the latter peak to the effect
of the mutual relative displacement of the Yb and Ba
atoms. The displacements of al Yb atoms from the
position (0, O, 0) to the position 32f (X, X, X) with x ~
0.03 resulted in the substantial reduction of the R fac-
tors (R = 1.11% and R, = 1.22%, model |1, Table 3).
The inclusion of the additional anionic position F;
(172, y, y) withy=0.165, whichistypical of thisstructure
type, led to afurther decreaseinthe R factors (R=0.94%
and R, = 1.12%, model 11, Table 3).

The second characteristic feature is that the differ-
ence electron density maps shown in Fig. 2 have the
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residual positive electron density in the vicinity of the
main position F, (1/4, 1/4, 1/4). This density is shifted
along the threefold axis toward the vertex of the cubic
unit cdl, i.e., toward the cationic position, rather than to
the center of the cube, which is not occupied by cations,
asisgenerally the case in analogous phases [8-10]. This
resdual density was taken into account in model 1V
(Table 3).

In addition, al electron density distributions shown
inFig. 2 haveresidual electron density in the centers of
the unoccupied cubes of the fluorite structure. At the
final stage, thisadditional position of the fluorine atoms
was aso included in the refinement of the structure
parameters of the F phase (model V, Table 3; R=0.69%
and R, = 0.85%). The thermal vibrations of al atoms
were refined isotropicaly.

CONCLUSIONS

The crystal structures of two new forms of the fluo-
rite phases (P and F phases) of composition
Ba, _,Yb,F, ., with x=0.20 + 0.03 (based on the data
of X-ray diffraction study) were established by X-ray
analysis.

Among the numerous nonstoichiometric fluorite
phases of composition M, _,RF, ., (M = Ca, S, Ba,
Cd, or Pb; R are rare-earth elements), the P phase pro-
vides the first example of the structure with the space

group Pm3m different from that of CaF,. This space
group is a subgroup with respect to the higher-symme-

try “fluorite” space group Fm3m.

In the F phase, al Yb* cations are shifted with
respect to the Ba2* cations by 0.34 A along the [111]
direction, and the position of the “relaxed” anions (F,)
is shifted along the threefold axis toward the vertex of
the cubic unit cell, i.e., toward the cationic position,
rather than to the center of the cube, which is not occu-
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pied by cations, as is generally the case in analogous
phases.
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Abstract—X-ray diffraction analysis of the atomic structure of NiSi crystalswas performed by diffraction data
obtained at 295 and 418 K. The temperature-induced changes in the bond lengths and val ence angles were ana-
lyzed and the high anisotropy of thermal expansion of these single crystals was interpreted in terms of crystal

chemistry. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Thefirst part of this article [1] was dedicated to the
precision structural studies of orthorhombic NiSi single
crystals at 295 and 418 K. We established some rela-
tionships between the therma parameters and the
observed therma expansion. The second part is dedicated
to the crystdlochemica anaysis of the structure and the
establishment of the relation between the atomic struc-
ture and high anisotropy of thermal expansion.

STRUCTURAL MOQOTIFS OF ATOMIC
ARRANGEMENT

The orthorhombic MnP structure type (sp. gr.
Pnma), to which NiSi crystals belong, can be consid-
ered pseudohexagonal and may be obtained by defor-
mation of the NiAs structure [2]. Consider the coordi-
nation polyhedra of both atoms and their arrangement
in the latter structure.

In this structure, each Si atom is surrounded by six
Ni atoms forming a coordination polyhedron in the
shape of a distorted trigonal [SiNig] prism. Figure 1
shows the projection of these polyhedra along the a-
and b-axes (the fragment shown consists of three unit
cells dong the a- and the b-axes and two unit cells
along the c-axis). The filled and mirror-reflected empty
trigonal prisms share their bases. These prisms alter-
nate like a chessboard in the (010) plane and form
chains of one-type prisms along the b-axis. Numbers
from 1 to 4 in Fig. 1 indicate different orientations of
the filled prism related by various symmetry elements.
An empty prismis shown by dashed lines. Thelayers of
prisms 1 and 2 alternate with layers of prisms 3 and 4.
Each [SiNig]-polyhedron in the (010) plane is sur-

rounded by four empty polyhedra. The filled prisms
forming the rows aong the b-axis share edges, with
their side faces forming corrugated planes. Since the
distances between the protrusions are equal to the b-
parameter decreasing with an increase in the tempera
ture [1], the corrugated planes dightly approach each
other at higher temperatures.

Nickel atoms are surrounded with six silicon atoms
located at the vertices of a strongly distorted octahe-
dron. The Ni—-Si bond lengths are equal to 2.279(1),
1.317(1), 2.317(1), 2.386(1), 2.399(1), and 2.399(1)
at 295 K and 2.283(1), 2.321(1), 2.321(1), 2.390(1),
2.401(1), and 2.401(1) A at 418 K. One of the Ni-Si
bonds is considerably shorter than the other ones. The
next nearest neighbors are four Ni atoms located at dis-
tances of 2.681(1)-2.685(1) A at 295 K and 2.689(1)—
2.690(1) A at 418 K. The arrangement of the coordina-
tion octahedra of Ni atoms is shown in Fig. 2. Asin
[SiNig]-polyhedra, one can also distinguish four orien-
tations of [NiSi,]-octahedraindicated by numbersfrom
1to 4 in Fig. 2. The structure can be represented by
chains of distorted face-sharing [NiSig]-octahedra par-
alel to the a-axis.

Considering the arrangement of atoms in the struc-
ture, one can also single out the zigzag chains of Ni
atoms aong the a-axis with dy,_\; = 2.681(1) and
2.690(1) A and angles of 149.72(1)° and 149.78(1)° at
295 and 418 K, respectively, the chains along the b-axis
with dy; n = 2.685(1) and 2.689(1) A and angles of
76.67(1)° and 76.33(1)° at 295 and 418 K, respectively,
and also the zigzag chains of Si atoms aong the b-axis
with dg;, ; = 2.657(1) A and an angle of 77.66(1)° at
295K and ds; 5; = 2.660(1) A and an angle of 77.32(1)°
at 418K (Fig. 3). Withanincreasein thetemperature, the
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Fig. 2. Arrangement of [NiSi6]-polyhedrain the NiSi structure. For explanation, see text.

bond lengths in both Ni-chains also increase, with an
almost double increase in the dy;_y; Vaue in the chain
along the a-axis in comparison with its increase in the
chain aong the b-axis. Thus, the first chain is dightly
straightened, whereas the second one becomes dlightly
contracted. The Si chains along the b-axis show insig-
nificant increase in d; 5 (by about 0.003(1) A) and
become folded with an increase in the temperature.

In addition to the Si—Si and Ni—Ni bonds formed in
the above chains, the symmetry planes where al the
atoms are located and which are normal to the b-axis
[1] aso form rather strong Ni—-Si bonds equa to
2.317(1) and 2.399(1) A at 295 K and 2.321(1) and
2.401(1) A at 418 K.

We also singled out the zigzag chains of Si atoms
along the a-axis characterized by considerable S-S
distances which will be analyzed somewhat later. For
comparison, we should like to indicate here that, at
room temperature, the dy;_g; distancein asilicon crystal
equals ~2.35 A and the dy, y; distance in anickel crys-
tal, ~2.49 A.

CRYSTALLOGRAPHY REPORTS Vol. 47

CRYSTALLOCHEMICAL INTERPRETATION
OF HIGH ANISOTROPY OF THERMAL
EXPANSION AND NEGATIVE THERMAL
EXPANSION ALONG THE b-AXIS

To clarify the mechanism of formation of high
anisotropy of thermal expansion [4], consider the bond
lengths and valence angles at two of the above temper-
atures (we do not indicate the standard deviations
because they did not exceed 0.001 A for bond lengths
and 0.01° for valence angles). Consider the geometry of
the mutual arrangement of atoms in two adjacent unit
cells along the b-axis (for the sake of convenience, all
the atomsin Fig. 4 are numbered) and in the symmetry
planes (Fig. 5). It should also be indicated that, despite
the considerable negative expansion of the crystal along
the b-axis, all the bond lengths increase with an
increase in the temperature. The maximum elongation
is observed for the Nil-Ni3 bonds (from 2.681 to
2.690 A) and Si2-Si4 bonds (from 3.197 to 3. 214 A).
The Ni3-Si4Ni7-Si8, Si4-Nill-Si16-Ni7, and
Ni11-Si22-Ni15-Si16 parallelograms with the Ni—Si
bonds can be considered as rather rigid. The valence
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Fig. 3. Chains of Ni-Bi and Si—Si atomsin the NiSi structure. Filled and the empty circlesindicate Ni and Si atoms, respectively.

angles in these parallelograms practically do not
change with an increase in the temperature.

With a rise in temperature, the Ni1l-Ni3-Si8 and
Ni9-Nil11-Si16 and also the Ni7—Ni5-Si4 and Nil5-
Ni13-Si12 triangles approach each other along the b-
axis, whereas the Nil-Si2—Ni9 and Ni3-Si2—Nill
valence angles become smaller. The Si2—Ni1l-Si8 and
Si2-Ni3-Si8 angles decrease only dlightly; i.e., the
changeinthetilt of the plane of the Ni1-Si2—Ni3 trian-
gle to the plane of the Nil-Ni3-Si8 triangle is very
small despite the fact that the Si2—Si4 and Si2—Ni7 dis-
tances increase from 3.197 and 3.507 to 3.214 and
3.525 A, respectively. The Ni1l-Si2—Ni3 and Ni9-Si2—
Nill angles increase because of the longer Nil-Ni3
and Ni9-Ni11 bonds. Thus, an increase in the Ni1l-Ni3
bond length results in the fact that, despite the practical
preservation of the angles formed by the planes of the
Ni1-Ni3-Si8, Ni1l-Ni3-Si2, and Si2-Ni9-Nill trian-
gles, the Nil-Si2—Ni9 and Ni3-Si2-Nill valence
angles become smaller.

On the other hand, with an increase in the tempera-
ture, the Ni3-Si4-Nill, Si8-Ni7-Si16, Si4-Nil11-S12,
and Ni7-Si16-Nil5 valence angles become also
smaller, whereas the Ni1l-Si8-Ni7 and Nil-Ni3-Si4
angles becomelarger. Asaresult, the zigzag band of the
rigid Ni3-Si4-Ni7-Si8 and Si4—Ni11-Si16-Ni7 paral-
lelograms with the axis directed along the b-axis is
compressed. It isalso interesting that the Ni1-Ni3—Ni7
and Ni9-Nil1l-Nil5 vaence angles (100.12° and
100.14° at 295 and 418 K, respectively) and the Si4—
Ni7-Si6 and Si2—Ni3-Si8 valence angles (93.36° and
93.38° at 295 and 418 K, respectively) remain practi-
cally unchanged. This flattening is associated with an
increased distance between the Ni1l-Ni3-Si8 and the
Ni7-Si4-Ni5 triangles in the plane normal to the

CRYSTALLOGRAPHY REPORTS Vol. 47 No. 3
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b-axis. Therefore, the more pronounced the expansion
in this plane, the more pronounced the compression
along the b-axis should be. Experiment [4] showed that
the absolute values of thermal expansion coefficients
aong al the three main crystallographic axes are
almost equal.

Thus, an increase in the bond lengths between the
atoms located in the symmetry planes results in the
approach of these planes to one another and the com-
pression of the crystal aong the b-axis. Therefore, it is
expedient to consider the arrangement of the atomsin
the symmetry planesin more detail.

Atoms of both kinds form the zigzag chains in the
symmetry planes aong the a-axis. It should be indicated
that the“teeth” of the Si-chainsin the neighboring planes
are aligned in the same direction (along the c-axis),
whereas the teeth of the Ni-chains in these planes are
aligned in the opposite direction. In Si-chains, with an
increase in the temperature, the angles decreased from
108.06° to 107.81°, whereas the Si—Si bond lengths
increased from 3.197 to 3.214 A. The situation in the Ni-
chainsis somewhat different: the bond lengthsincreased
from 2.681 to 2.690 A, whereas the valence angles
changed insignificantly—from 149.72° to 149.78°.
Thus, with an increase in the temperature, the zigzag
shape of the Si chains became more pronounced,
whereas the Ni-chains became more smooth.

To analyze the thermal expansion along the c-axis,
we haveto consider the heights of the AHG, BHF, BCF,
and DCE triangles “forming” the parameter c of the
unit cell. The heights of the AHG, BHF, and DCE trian-
glesare almost constant (1.5162 and 0.7015 A at 295 K
and 1.5166 and 0.7012 at 418 K). All the changesin this
parameter are reduced to the change of the height of the
BCF triangle from 1.878 to 1.894 A. Thus, the pro-
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Fig. 4. Geometry of the arrangement of atoms in the NiSi
structure at (a) 295 and (b) 418 K. Two unit cells along the
b-axis are shown. Filled and empty circles indicate Ni and
Si atoms, respectively.

nounced thermal expansion observed along the c-axisis
associated with the more pronounced zigzag shape of
the Si-chains. The analysis of the heights of the trian-
gles forming the a-parameter shows that they increase
relatively uniformly (from 1.7033 and 0.8848 A at 295
K to 1.7065 and 0.8906 A at 418 K). Thus, the consid-
erable thermal expansion observed along the a-axis is
associated with an increasein the Ni-Ni and S—Si bond
lengths in the corresponding chains.

CONCLUSIONS

Returning to Fig. 4, we see that, on the one hand, an
increase in the Ni—-Ni bond lengths resulting in an
increase in the Ni1l—-Si2—Ni3 valence angle (from 69.26°
to 69.45°) and a decrease in the Nil-Si2—Ni9 and
Ni3-Si4—Nill valence angles and, on the other hand,
an increase in the S—Si bond length resulting in an
increase in the Si2-Ni3-Si4 and Si8-Ni7-Si6 bond
angles (from 85.35° to 85.79°) and the Ni3—Ni7-Si6 and
Si2-Ni3-S7 valence angles (from 88.70° to 89.11°)
lead to the mutual approach of the Ni1l-Ni3-Si8, Si4—
Ni7—Ni5, and Ni9-Ni11-Si16 triangles aong the
b-axis. This, in turn, gives rise to the crystal compres-
sion along this axiswith an increase in the temperature.

Concluding the article, we should like to emphasize
that negative and zero thermal expansion is observed in

CRYSTALLOGRAPHY REPORTS Vol. 47

Fig. 5. Arrangement of atomsin the symmetry planesin the
NiSi structure at (a) 295 K and (b) 418 K. For explanation,
see text.

many single crystals [5-8]. For a better understanding
of the nature of thermal expansion, one has to perform
a detailed crystallochemical analysis of all the data
obtained in each case.
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Abstract—X-ray diffraction and X-ray topography anaysis of ReBa,Cu;0, crystals (Re= Eu, Gd, Y) has dem-
onstrated the noncentrosymmetricity of their atomic structure. It is shown that the centrosymmetricity of these
crystals could not have been revealed in the previous structural studies because of their polydomain nature (the
crystals consist of antiphase domains) and the use of hard MoK, radiation. © 2002 MAIK “ Nauka/lnterperi-

odica” .

It is commonly accepted that high-temperature
superconducting crystals (HTCS) of the ReBa,Cu;0,
family have centrosymmetric structures. Nevertheless,
anumber of studies[1-3] cast doubt on this statement.
In particular, it was shown [1] that highly perfect
EuBa,Cu;0, _ ¢ s Single crystals grown in alundum cru-
cibles consist of domains whose black—white X-ray
topographic contrast formed in the mode of the Bor-
rmann effect is changed to a reverse one in the transi-
tion from the h0O to the hQO reflections. The noncen-
trosymmetricity in this case was explained by the pos-
sible replacement of Cu atoms by Al atoms from the
crucible material and the possible existence of honcen-
trosymmetric phases on the EuBa,Cu; _,Al,O, phase
diagram.

Below, we present the X -ray diffraction dataindicat-
ing the noncentrosymmetricity of the EuBa,Cu;0y 5
atomic structure and show that the GdBa,Cu;0, _ 4 5 and
YBa,Cu;0_,, crystals are also noncentrosymmetric.
The results obtained lead to the assumption that not
only these representatives of the 1-2—3 family are non-
centrosymmetric, but also all the other members of this
family are noncentrosymmetric irrespective of the rare
earth atoms in their composition and the oxygen con-
centration.

The crystallographic characteristics of the crystals
studied arelisted in Table 1. The unit-cell parameters of
all the crystals were determined by the least squares
method using a set of 47 reflections for YBa,Cu;0_,,
45 reflections for GdBa,Cu;0, 45, and 87 reflections
for two-domain and 93 reflections for single-domain
EuBa,Cu;0, _ ¢ 5 crystals. These sets of reflectionswere
recorded on a P4 Siemens complex for structural stud-
ies by scanning the reciprocal space with the use of the
REFL_ARRAY procedure always preceding the con-

ventional structural experiment and providing the
determination of the unit-cell parameters and sample
orientation with respect to the goniometer axes.

All the crystals were grown by the slow cooling of
the melted mixture of Re,05, BaO, and CuO oxides. We
studied the selected black samples in the shape of rect-
angular plates with mirror-smooth faces and the normal
to the large face coinciding with the [001] direction.
The domain nature of the EuBa,Cu;0, ., s Sampleswas
established from the angular-scanning topographs [4],
and CuK, radiation provided X-ray diffraction in the
mode of the Borrmann effect. The topographs of vari-
ous reflecting planes of sample no. 2 consisting of two
large 90°-domain complexes are shown in Fig. 1. They
clearly demonstrate not only the noncentrosymmetric-
ity of this crystal, but also the direction of sublattice
displacement along the [100] direction [1].

The GdBa,Cu;0, sample was prepared from asingle
crystal showing superconducting properties at ~92 K
subjected to 18-h-vacuum annealing at 600°C in order
to remove twins and homogenize the defects in the
crystal bulk. The high quality of this sample is con-
firmed by the spectrum of w-scanning on an AFC6S
diffractometer (Rigaku Denki, Japan) (Fig. 24).

The YBa,Cu;0_,, crysta had a well-developed
twin structure. The temperature of the transition into
the superconducting state was T, = 93 K with the width
of thetransition being ~3 K. Figure 2b shows the spec-
trum of w-scanning of this sample. Three diffraction
reflections indicate the well-developed twin structure

1 The temperatures of the transition to the superconducting state
for al the samples were determined from the temperature depen-
dence of magnetic susceptibility. For the initial EuBa,Cu30,
samples and the annealed GdBa,Cu30, samples, no supercon-
ductivity was revealed at all, which led to the conclusion that the
oxygen content in these samples did not exceed X < 6.5.

1063-7745/02/4703-0383%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Table 1. Crystallographic characteristics of samples studied

Sample Single-domain Two-domain 14-h-vacuum-annea(|) ed Polytwinned
EuBa,Cuz0, EuBa,Cuz0, GdBa,Cuz0, at 600°C YBa,Cuz0_7

Dimensions, mm?3 0.04x1.25%1.25 0.04 x1.60 x 1.10 0.007 x 1.40 x 1.25 0.040 x 0.42 x 0.30
vV, A3 178.19 178.08 178.19 174.36
Av, A3 0.07 0.06 0.05 0.12
a A 3.8969 3.8987 3.8956 3.8742
Na, A 0.0006 0.0006 0.0008 0.0020
b, A 3.8954 3.8914 3.9015 3.8415
Ab, A 0.0007 0.0009 0.0007 0.0022
c, A 11.7384 11.7377 11.7241 11.7156
Ac, A 0.0016 0.0017 0.0022 0.0031
a, deg 90.027 90.084 90.009 89.985
Aa, deg 0.009 0.013 0.013 0.030
B, deg 90.012 90.006 89.975 90.022
AB, deg 0.009 0.012 0.015 0.031
y, deg 89.972 89.994 89.955 90.024
Ay, deg 0.011 0.014 0.015 0.041
Hto 6.11 6.12 1.10 4.28

of the sample formed during the transformation of the
tetragonal unit cell into an orthorhombic one [5]. Two
side reflections show the twin orientations which
belong to the same twinning plane normal to the (110)
reflection plane. The central peak also reflectstwo twin

orientations, but they belong to the (110) twinning
plane parallel to the reflecting planes. In this case, both
twin components coincide in w-scanning. The inte-
grated intensity of the centra reflection is approxi-
mately equal to the sum of the integrated intensities of
the side reflections, which indicates that the volume
fractions of al four twin components of the orthorhom-
bic phase are approximately equal.

For each of the samples, we collected standard sets of
X-ray diffraction reflections necessary for the determina-
tion of their atomic structure. In most of the experiments,
we used copper radiation. In the case of asingle-domain
EuBa,Cu;0, .65 Crystal, we aso used molybdenum
radiation. The experiments with the use of CuK, radia-
tion were made on a P4 Siemens X-ray complex for
structural studieswith arotating anode (Germany). The
experiments with the use of the MoK, radiation were
made on an AFC8S apparatus with a sealed tube
(Rigaku Denki, Japan). In both types of experiments,
the crystal was centered with an accuracy of £10 um.
The diameter of the primary-beam collimators was
0.5 mm. All the sampleswere oriented in the same way
with respect to the goniometer axes; that is, the normal
to the broad face coincided with the incident beam,
whereas one of the (100) faces was approximately par-
allel to the vertical w-axis of the goniometer.

CRYSTALLOGRAPHY REPORTS Vol. 47

The geometrical characteristics of the samples
(Table 1) and the geometry of the experiment show that,
for several orders of the h0O, OkO, and hhO reflections
from thefirst three crystals, theincident beam remained
within the crystal boundaries. This fact is very impor-
tant because in this case we recorded only the radiation
diffracted in the transmission (L aue) geometry and only
fromtheinternal parts of the samples, and moreover the

diffraction from the (hkO) and (hkQO) planes was
recorded from the same regions of the crystal. In the
case of the YBa,Cu;0,, crystals, the specimen was
“bathed” in the primary beam and, thus, the internal
parts of the crystals provide the Laue diffraction,
whereas the boundary regions provide the Bragg dif-
fraction (in the reflection geometry).

The analysis described below is based on the com-

parison of the structure factors F(hkl) and F(hkl),
which, for noncentrosymmetric structures, can be dif-
ferent (violation of the Friedel law). The structure fac-
torsfor the samples studied are listed in Tables 2 and 3.
Table 2 indicates the structure factors obtained with the
use of CuK, radiation, for which the reflecting (hk0)
planes are normal to the sample surface (the symmetric
Laue case), and the structure factors for the 00I-type
reflections from the well-developed surfaces corre-
sponding to the symmetric Bragg case. Since the direc-
tion of the [001] axis coincided with the normal to the
broad face of the sample, the effective thickness of the
crystal for al the (hkO) reflections was the same (in the
Borrmann diffraction, X-rays propagate aong the
reflecting planes). The hki-type reflections with non-
zero indices are not indicated in the tables, hence they
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Fig. 1. Topographs of angular scanning of two-domain EuBa,Cu;0y . ¢ 5 Singlecrystals: (a) 110, (b) 110, (c) 100, (d) 100, (e) 110,
and (f) 110 reflections.
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Fig. 2. Spectra of w-scanning for asingle-domain (a) EuBa,Cu30, . ¢ 5 and (b) twinned single-domain YBa,Cu30. 7 o single crys-
tals, 110 reflection.
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Table 2. Structure factors of ReBa,Cu;0, crystals (CuK, radiation)

EuBa,Cu;0, no.1 EuBa,Cu30, no. 2 GdBa,Cu30, YB&,Cuz0_7
(single-domain sample) (two-domain sample) (vacuum annealed at 600°C) (twinned sample (A3))
hid F(hkl) |o, F(hkl)| ki F(hkl) |o, F(hkl)| hki F(hkl) |o, F(hkl)| hk F(hkl) |o, F(hkl)
100 1869 | 029 | 100 3242| 030 010 |1065.80 | 1652 | 100 | 544.37 | 10.27
100 | 299.93| 113 100 11.76 | 0.18 010 |[1104.49 | 16.76 100 | 48231 0977
200 | 12491 | 147 | 200 | 13155| 1.08 020 |2369.82| 3851 | 200 |3239.68| 37.97
200 |1136.10 | 4.40 200 58.37 | 0.72 020 |2565.43 | 40.05 200 |[3248.12 | 3213
300 802| 037 | 300 330| 0.11 030 | 759.19 | 2592 | 300 | 10048 | 281
300 4583 | 123 | 300 2.67| 0.08 030 | 729.11| 2533 | 300 7318 | 206
400 655| 0.38 | 400 6.14| 0.9 040 |1016.44 | 24.85 | 400 59.02 | 253
400 6296 | 1.86 | 400 336| 0.11 040 |105323| 2512 | 400 90.85 | 2.30
010 | 201.96| 0.93 | 010 510| 0.12 100 | 680.86| 1314 | 010 | 526.49 | 10.44
010 | 17347| 086 | 010 40.25| 0.33 100 |1078.83| 1649 | 010 | 383.03| 10.16
020 | 685.36| 344 | 020 26.09| 0.47 200 |169359 | 3214 | 020 |3918.54 | 35.80
020 | 67759 | 340 | 020 190.96 | 1.28 200 |3996.44 | 49.16 | 020 |3748.26 | 33.92
300 80.23| 1.89 | 030 0.40| 0.03 300 | 511.91| 21.05 | 030 | 150.55| 3.97
030 58.16 | 1.49 030 349| 011 300 | 700.57 | 24.56 030 12495 | 3.44
110 | 17436| 110 | 110 | 180.27| 0.89 110 214587 | 2866 | 110 |3475.10| 29.35
110 |1326.24 | 3.04 110 54.97 | 0.49 110 |2166.31 | 28.75 110 |1683.04 | 21.05
220 5824 | 141 | 220 6091 | 1.16 220 |235350 | 44.37 | 220 |2240.19| 2456
220 | 60956 | 651 | 220 20.12 | 0.67 220 |242526 | 44.99 220 [1502.38 | 20.12
120 955| 030 | 120 9.72| 0.23 120 | 981.65| 2600 | 120 | 224.12| 5.49
120 | 12967 | 180 | 120 1.53| 0.05 120 | 909.29 | 2508 | 120 | 24592 | 6.00
210 15.06 | 040 | 210 9.60| 0.23 210 | 93800 | 2566 | 210 | 332.04| 9.90
210 | 10856 | 1.66 210 201| 0.06 210 | 872.01| 2455 210 | 25151 | 6.02
130 6391 | 1.71 | 130 20.75| 054 130 |1236.40 | 3306 | 130 | 94332 | 1458
130 | 23284 | 540 130 731| 022 130 [1302.01 | 33.96 130 | 792.86 | 13.67
310 1343 | 051 | 310 21.22| 053 310 |182217 | 3991 | 310 | 82582 | 13.48
310 | 255.77| 5.66 310 9.41| 027 310 |1534.64 | 37.03 310 | 678.29 | 1281
006 |[8278.00| 11.84 | 006 |1784.43| 3.92 006 |565827 | 58.92 | 006 |9397.29 | 51.39
006 |8515.89 | 1202 006 |1688.87| 3.85 006 |6279.76 | 61.99 006 |8787.00 | 49.47
007 |4727.24| 1177 | 007 |1087.37| 3.71 007 |341266 | 4969 | 007 |3034.18| 29.36
007 |4905.29 | 11.97 007 |1051.27| 3.68 007 |3607.45| 51.21 007 [3143.12| 29.81
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can be oriented inadequately because of different
absorption coefficients (the Bragg-Laue geometry),
which results in considerably different F(hkl) and

F(hkl ) structure factors.

Comparing the structure factors listed in Table 2,
one can see that al the crystals studied are noncen-
trosymmetric. Moreover, different structure factors
obtained for the coordinate directions show that the
direction of the lattice displacements in a single-
domain EuBa,Cu;0, crysta is paralel to the [100]
direction, because, for the (OkO) reflections, the

F(0k0)/F(0kO) ratio is close to unity, whereas for the

(h0O) reflections, the F(h00) and F(h0O) differ more
than tenfold.

For a two-domain EuBa,Cu;0, sample, the struc-
ture factors for both (h00) and (h0O) reflections and

also for the (Ok0) and (0kO) reflections are different. It
seems that, in this case, the direction of the lattice dis-
placement should differ from the coordinate axes of the
unit cell. However, in actua fact, it is not so, which is
proved by the fact that for the (hkO) reflections (with

h # 0 and k # 0), the value of the F(hk0)/F(hk0) ratiois
lower than for the (h00) and (0kO) reflections, whereas

the structure factors for the (00l) and (00! ) reflections
are approximately equal. This contradiction can readily
be interpreted with the aid of the topographs of angular
scanning of thiscrystal showninFig. 1. It isseenthat the
crystal consists of two polydomain complexes of 180°-
antiphase domains, for which the directions of the sublat-
tice displacements are perpendicular (90° domains).

Therefore the real change of the F(h00) and F(h0O0)
structure factors for the (h00) reflections leads to the
formation of one domain complex whereas for the per-
pendicular orientation, it yields another domain com-
plex for which the direction of the sublattice displace-
ment also coincides with the [100] direction but is
rotated by 90°. Different volumes of these domain com-

plexes give rise to changes in the F(0k0)/F(0k0) and
F(h00)/F(h00) ratios (Table 3).

The regular domains indicate a possible phase tran-
sition in the crystals of the ReBa,Cu,0, family. Within
this interpretation of the domain structure of the 1-2-3
crystals, one can assume that their high-temperature
phases are centrosymmetric, sp. gr. P4/mmm. Upon the
phase transition provided by the displacement of the
sublattices of different atoms along the [100] or the
[110] direction, the phase symmetry is lowered to at
least Pmny2, and the crystal acquires a domain struc-

ture.? Since the [100], [100], [010], and [010] direc-

2|nfact, the crystal can have an even lower symmetry, e.g., mono-
clinic or triclinic. However, one can state that, in this case, the
monoclinicity (triclinicity) angle does not exceed several min-
utes, i.e., lies within the divergence angle of the incident beam.
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Table 3. Structure factors for single-domain EuBa,Cu;0,
crystal measured using MoK, radiation (pis, = 0.5)

hkd | F(hkl) [o, F(hk)|| hk | F(hkl) |o, F(hkl)
100 89.51 | 0.15 330 | 28059 | 0.37
100 | 91.77 | 0.15 330 | 25304 | 037
200 | 17759 | 0.22 330 | 25527 | 0.37
200 | 18398 | 0.22 330 | 28280 | 0.37
300 | 11055 | 0.30 440 | 23179 | 0.6
300 | 10848 | 0.29 440 | 21491 | 0.46
400 | 16455 | 0.35 440 | 216.20 | 0.46
400 | 167.89 | 0.35 440 | 23230 | 0.46
010 | 19190 | 0.15 | 0012 | 68.97 | 0.37
010 | 177.30 | 015 | 0012 | 69.09 | 0.37
020 | 29793 | 022 | 0013 | 22575 | 0.37
020 | 30037 | 022 || 0013 | 23315 | 0.37
030 | 159.08 | 0.29

030 | 16357 | 0.29

040 | 30787 | 035

040 | 34119 | 035

tionsin the highly symmetric phase are equivalent, the
phase transition should result in the formation of both
90° domains and antiphase 180° domains with the
directions of atom displacements in the neighboring

domains coinciding with the [100] and [100] and also

with the [010] and [010] directions. The latter state-
ment is confirmed by the topographs of angular scan-
ning where each 90°-domain complex has a striated
contrast provided by the different intensities of the

(h00) and (h0O) reflections in the adjacent domains.

Generally speaking, the observation of the domain
contrast is an accidental event; this contrast can be
observed only for crystals with either very large
domains, which manifest themselvesin the topographs,
or for crystals in which the volume of a domain of cer-
tain orientation considerably exceeds the volumes of
domains of other orientations. In the general case, crys-
tals are divided into microdomains of approximately
equal volume along different directions of the sublat-
tice displacement. Then, in the diffraction experiment
at a level of macroscopically averaged values of the
measured integrated characteristicsfor the F(hkl) struc-
ture factor, the crystal looks centrosymmetric. In this
connection, it is not surprising that in the conventional
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experiments the structure of the crystals of the 1-2—-3
family was recognized as being centrosymmetric. Our
practice shows that most of the 1-2-3 crystals consist
of finely dispersed domains. Therefore, we selected
EuBa,Cu;0, crystals for study from several dozens of
other crystals showing the “gray” contrast on topo-
graphs, which is characteristic of polydomain crystals.

A sSmilar analysis of the F(hko)/F(hko),

F(h00)/F(h00), and F(0k0)/F(0k0) ratios for a
GdBa,Cu;0, crystal leads to the conclusion that in this
crystal as well the direction of the displacement of the
atomic sublatticesis also parallel to the[100] direction.

However, in this case, the F(h00)/F(h00) ratio is con-
siderably less than for the EuBa,Cu;0, crystals. This
fact seemsto be explained by the small thickness (ut, [
1.1) of the sample, which does not allow the complete
implementation of Borrmann diffraction.

The situation with the twinned YBa,Cu;0_, , crystal
is more complicated, because the crystal has not only

domains but aso twins. The F(hk0)/F(hkO) ratios for
this crystals exceed the F(h00)/F(h00) and

F(0k0)/F(0kO) ratios, whose values are close to unity.
At the same time, since, in this case, both geometries
are implemented (the transmission geometry for the
internal regions of the sample and the reflection geom-
etry for the boundary regions of the sample having a
certain orientation with respect to the incident beam),

the intensities of the hkl and hkl reflections can be dif-
ferent, e.g., because of the different lengths of the
boundaries or different structures in the near-boundary
regions of the opposite faces of the sample. However,
because of the rectangular shape of the sample and the
orientations of the reflecting planes with respect to the
crystal faces, the boundary lengthsin both cases arethe
same. Because of the approximate equality of F(h00)

and F(h00) and also of F(0k0) and F(0k0) (Table 2),
the effect of the opposite boundaries on the diffraction
intensities should also be the same. Then, the displace-
ment of the sublatticesin YBa,Cu;0; is directed along
the [110] direction and not along the [100]. This signi-
fies that, with the change of the oxygen concentration
in ReBa,Cu;0, crystals, the direction of the sublattice
displacement can also change.

The above-discussed microdomain nature of 1-2—-3
crystals resulting in the centrosymmetricity of their
macrostructure is not the only reason that did not allow
the establishment of their noncentrosymmetricity in
earlier studies. The other causeisthe use of MoK, radi-
ation. Table 3 indicates the structure factors for a sin-
gle-domain EuBa,Cu;0, crystal determined with the
use of CuK, radiation and showing the maximum dis-

crepancies in the F(hk0) and F(hkO) structure factors
listed in Table 2. The same geometry of experiment as
inthe case of CuK, radiation wasused. Itisclearly seen
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that all the F(hkl) and F(hkl) structure factors are equal
(within the experimental error), i.e., the crystal looks
centrosymmetric.

The physical reason for such a pronounced discrep-
ancy reveaed in the experiments with the use of CuK,
and MoK, radiations is explained by the considerable
difference in their absorption coefficients, ut, = 6.0 and
0.5, respectively. In the case of MoK, radiation, the
X-ray wavefieldispractically not absorbed irrespective
of the position of the reflecting atomic planes to this
field. This results in approximately equal F(hkl) and

F(hkl) structure factors. In the case of strong absorp-
tion, when the Borrmann conditions are valid the non-
centrosymmetric location of the atomic planes with
respect to thewavefield (e.g., of the planes of rare earth
atoms), the hkl reflections can be located close to the
nodes of this field, which can result in its strong “ pho-
tometric absorption” or, which is equivalent, in a con-

siderable decrease in F(hkl). For the (hkl ) reflections,
the same planes do not necessarily coincide with the
node positions, which resultsin aconsiderableincrease

in F(hkl ) with respect to F(hkl). It isalso clear that for
various orders of reflection from the (hkl) plane, the
mutual location of the real atomic planes and the X-ray
wave field can be different. | believe that the latter fact
explains the experimentally observed change in the

F(hk0)/F(hkO) ratio for various orders of reflections.
This conclusion is also confirmed by the considerable
changein the contrast (up to the opposite one) observed
in the topographs of neighboring domains in sample
no. 2 for the same (hk0) reflection with the transition
from CuK,, radiation to FeK, or NiK, radiation.

In our example, the F(hkl)/F(hkl ) ratio is equal to
or even exceeds ten. At the same time, the theories
developed for strongly absorbing crystals in the Laue
geometry [6] yield the maximum differencein the coef-

ficients of integrated reflection R(hkl)/R(hkl ) equal to
two. | believe that these theories are somewhat incom-
plete, because they do not consider multicomponent
crystals with several heavy atoms, for which the reso-
nance absorption is observed for almost all the tradi-
tional X-ray radiations. This formulation of the prob-
lem depends not only on the pronounced difference in

the F(hkl) and F(hKl ) structure factors calculated by
normalizing alarge number of reflections measured on
the P4 and the AFC6S complexes, but aso on the
black—white contrast of 90° domains on the topographs
of angular scanning. According to the above estimate

for the R(hkl) and R(hkl ) reflections, the differencein
darkening observed for adjacent domains should not
exceed two, whereas the real darkening ratio on the
angular-scanning topographs attains a value of several
dozens.

In conclusion, we should like to indicate that our
results demonstrating the noncentrosymmetricity of the
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atomic structure of a number of crystals of the 1-2—-3
family do not alow us to determine which of the sub-
lattices is displaced, and by how far, from the possible
center of symmetry. To determine the real atomic struc-
ture of these crystal's, one hasto develop X-ray analysis
for dynamic X-ray diffraction and to compare the cal-
culated structural data with the modeled results.

Thus, we obtained additiona diffraction evidence of
the noncentrosymmetricity of the atomic structure of
EuBa,Cu;0,_ 45 crystals and aso showed that
GdBa,Cu;0, _ ¢ s and YBa,Cu;0_, , crystals are noncen-
trosymmetric. The results obtained lead to the assump-
tion that not only the studied representatives of the
1-2-3 family, but also all the crystals of thisfamily are
noncentrosymmetric irrespective of the type of rare
earth atoms and the oxygen concentration.
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Abstract—A new centrosymmetric modification of Pb-hilgardite Pb,[BsOy](OH) - 0.5H,0 is synthesized
hydrothermally under conditions closeto natural. This modification isintermediate between the centrosymmet-
ric monoclinic phase studied earlier and the polar orthorhombic phase. The occupancies of the framework voids
with water molecules, OH-groups, and halogen atoms are considered for all the known varieties of hilgardite.
The correlation between the conditions of hilgardite formation and types of structure is established. © 2002

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Lead borates are of special interest in the search for
materials, since some of these compounds have pro-
nounced nonlinear-optical properties|[1, 2]. Earlier, we
synthesized new nonpolar and polar modifications of
Pb-hilgardites; their crystal structures were studied on
single crystals [3, 4]. Below, we describe the crysta
structure of a new modification of Pb-hilgardite and
compare its structure with the structures of other mod-
ifications. A comparative analysis of the conditions of
crystallization of Pb-hilgarditesis aso performed.

EXPERIMENTAL

Lead borates in the PbO-B,0,—H,0 system were
synthesized by the hydrothermal method from a solu-
tion containing alkali metal carbonates in standard
autoclaves lined with fluoroplastic. The charge was a
mixture of lead and boron oxidesinal : 1 ratio. The
synthesiswas performed for 20 days under pressure P =
70-100 atm at t = 250°C. Aggregates of colorless trans-
parent prismatic crystals up to 0.625 x 0.25 x 0.25 mm
in size were obtained. The crystal structure was studied
on a prismatic single-crystal block whose dimensions
areindicated in Table 1.

The test for second-harmonic generation was made
with the use of a YAG : Nd pulsed laser operating in
“reflection” mode [5] and indicing the presence of the
center of symmetry. The X-ray phase diagnostics were
performed on a DRON-UM1 diffractometer (Co-radia-
tion; 40kV; 25 mA; 0.05°-step scans; the exposuretime
at each point was 2 s). The diffraction spectrum of the
sample was close to that of monoclinic hilgardite; how-
ever, the absence of some lines indicated an intermedi-
ate phase between the monoclinic and orthorhombic
hilgardite modifications.

Table 1. Crystallographic data and characteristics of the
experiment

Sp.gr.,Z P112,/n, 4

a A 11.32(1)
b, A 6.632(1)
c, A 11.549(8)
y, deg 91.03(5)
Vv, A3 860(2)
F(000) 1100

Oeaicar @/CM3 4.93(1)
u, cmt 385.8
Dimensions, mm 0.25 x 0.125 % 0.125
Diffractometer Syntex P1
Radiation MoK, 0.71069
Scan mode 20-6

Scan speed 4 deg/min

20, deg and 6/, A1 (max) 98.75, 1.068
Number of measured reflections 2996
Number of reflections used in 2370
refinement

Constraints Fr > 8.000(F)
Weighting scheme 1/[o(F)? + 0.0020F2]
Number of atomic positions 18

R Ry 0.0600, 0.0643
Scale factor (K) 0.687(3)
S 1.130

1063-7745/02/4703-0390$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Table 2. Coordinates of basic atoms and thermal corrections in the Pb,[B5;04](OH) - 0.5H,0 structure
Atoms x/a y/b zlc B:q Atoms x/a y/b zlc B:q
Pb(1) 0.02351(6) | 0.6616(1)| 0.2248(1) |1.14(1)|| O(8) 0.0795(11) | 0.014(2) | 0.7018(11) | 1.24(3)
Pb(2) | 0.31801(6) | 0.0164(1)| 0.02255(6) | 1.22(1)|| O(9)(OH) 0.5105(11) | 0.166(2) |0.0684(12) | 1.27(3)
0(1) 0.8229(9) | 0.083(2) |0.7344(9) |0.44(3)|| O(10) 0.2755(11) | 0.001(2) | 0.6053(11) | 1.18(3)
0(2) 0.7403(10) | 0.078(2) |0.1955(10) | 0.86(3)|| B(1) 0.9601(15) | 0.174(3) |0.280(2) 0.78(3)
0(3) 0.0738(11) | 0.239(2) |0.2771(11) | 1.13(3)|| B(2) 0.2597(15) | -0.008(3) | 0.491(2) | 0.73(3)
O(4) 0.2803(11) | 0.229(2) | 0.2391(11) | 1.09(3)|| B(3) 0.7276(13) | 0.209(2) | 0.6928(14) | 1.13(3)
O(5) 0.6965(11) | 0.161(2) |0.5689(12) | 1.32(3)|| B(4) 0.2118(15) | 0.056(3) | 0.7128(15) | 1.13(3)
0O(6) 0.1987(12) | 0.149(2) |0.4306(11) | 1.55(3)|| B(5) 0.1842(11) | 0.134(2) |0.2992(12) | 1.13(3)
o(7) 0.6203(11) | 0.172(2) |0.7646(11) | 1.25(3)|| O(11)(H,0) |0 0 0 3.4(6)

* Beq = 13[Byga*Za® + ... + 2Bygb*c*becosal].

A set of direct- and reciprocal-lattice vectors was
obtained on a Syntex P1 diffractometer, and the param-
eters characteristic of crystals of the hildardite family
were selected for refinement by 15 reflections from the
high-angular range of 8 angles. On the oscillation pat-
tern obtained on the diffractometer, the largest transla-
tion vector, ¢ = 11.46 A, was normal to the symmetry
plane, which indicated the monoclinic centrosymmetric
modification of hilgardite described by the sp. gr.
P112,/n [3]. The characteristics of the experiment are
givenin Table 1. Processing of the intensities and their

conversion into Fﬁm were performed by the PROFIT

program [6]; all further calculations were made with
the use of the CSD package. An analysis of the system-
atic absences of reflections (001: | = 2nand h + k= 2n)
confirmed the sp. gr. P112,/n. At the first stage of the
structure refinement, the initial coordinates were those
of the framework of Pb, O, and B atoms[3]. The differ-
ence electron-density syntheses provided the localiza-
tion of atoms occupying the framework voids. first, the
hydroxyl groups in general positions (as in hilgardite
[3]) and, then, water molecules in special positions at
the centers of symmetry. The structure was refined with
due regard for anomalous scattering in the isotropic
approximation of thermal vibrations for Pb atoms and
H,0O molecules and for that in the anisotropic approxi-
mation for all the other atoms. The pronounced absorp-
tion and its strong anisotropy were corrected at the final
stage for a crystal of arbitrary shape by the DIFABS
program [7]. Thefina refined data are listed in Table 1
and the final atomic coordinates, in Table 2.

RESULTS AND DISCUSSION

Like the hilgardite modifications studied, the boron
atoms in new Pb-hilgardite have tetrahedral and trigo-

CRYSTALLOGRAPHY REPORTS Vol. 47 No. 3

2002

nal coordination (Fig. 1). The interatomic distances
range within 1.33-1.43 A for the B(1)- and B(2)-trian-
glesand 1.43-1.52 A for the B(3)-, B(4)-, and B(5)-tet-
rahedra. There are [BsO,;]”~ polar chains forming
[BsO;]> layers that, in turn, form the [BsOg]* frame-
work. Large framework voids are occupied by Pb
atoms, (OH) groups, and water molecules. The coordi-

Fig. 1. The ac projection of the Pb,[B50¢](OH) - 0.5H,0
crystal structure; hereafter, B atoms are shown by polyhe-
dra; Pb atoms, OH groups, and water molecules are shown

by spheres; the heights of atoms along the axis normal to the
projection plane are indicated.
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Fig. 2. The ab projection of the Ca,[BsOg]Br crystal struc-
ture; Caand Br atoms are shown by spheres.

Hosi

dcac6)-Cl

Fig. 4. The ab projections of the crystal structures of natural
hilgardites described by the general formule Ca,[BsOq]Cl -
H,0; (a) the monoclinic polytype 2M; (b) thetriclinic poly-
type 1T; (c) thetriclinic polytype 3T.

Fig. 3. The ab projection of the Nag sPb,[B5Og]CI(OH)g 5
crystal structure, Pb and Cl(1) atoms and OH groups are

shown by spheres; Na atoms are depicted by their polyhe- interatomic distances ranging within 2.37-2.93 A);

drg; circles of Cl(2) atoms indicate the positions occupied Pb(2) atoms are surrounded with O(2), O(4), O(5),

by 50%. 0(6), O(7), and O(9) x 2 atoms E\with interatomic dis-
tances ranging within 2.44-2.90 A).

nation seven-vertex or eight-vertex polyhedra of the Pb The structure framework is identical to that of the
atoms are formed by O atoms located at distances of up  hilgardite studied earlier [3]; the arrangements of the Pb
to 3 A. The Pb(1) atoms are surrounded with O(1), O(2), atomsand hydroxyl groups are also the same. However,
0O(3), O(4), O(7), O(8), O(9), and O(10) atoms (with  the water molecules in these structures are located in
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different positions in the framework voids—the gen-
eral position with the coordinatesx ~0.03,y ~ 0.2, and
z ~ 0.02 in the hilgardite studied earlier and a special
position (at the center of inversion) in the new modifi-
cation (Fig. 1, Table 2). The latter feature makes the
new structure similar to orthorhombic hilgardites [8],
where halogen atoms occupy specia positions on two-
fold rotation axes, sp. gr. Pnn2. In this case, the Br(1)
atoms in the orthorhombic Ca,[BsOg]Br structure [8]
are slightly (by 0.75 A) displaced along the polar axis
relative to the water moleculesin the new modification
(z=0for Br and z = 0.12 for H,0) (Figs. 1, 2). The
heights of the Br(2) atoms in Ca-hilgardite and of
(OH) groups (additionally multiplied via the centers
of inversion) in both monaoclinic Pb-hilgardites are equal
(Figs. 1, 2). Polar Nay5Pb,[BsOy]CI(OH), 5 hilgardite
[4] is a somewhat more complex version of the orthor-
hombic phases. the CI(1) position corresponds to the
Br(1) position from [8] (Fig. 3), whereas Br(2) is
changed to amore complicated filling of the framework
with OH groups and CI(2) atoms explained by the
incorporation of Naatomsinto the structure. The polar-
ity of orthorhombic hilgardites and their nonlinear-
optical properties are explained by the polarity of the
framework and the polar arrangement of cations and
halogens in the framework voids. In natural Ca-hilgar-
dites (one monoclinic and two triclinic), the voids are
statistically occupied by halogens and water molecules
(Figs. 4a-4c).

CONCLUSIONS

Thus, at present, the hilgardite structure type [3]
includes anumber of modifications related by polytype
OD-transformations. We failed to synthesize artificial
analogues of natural monoclinic (sp. gr. Aa) and tri-
clinic lead-hilgardites. At the same time, we synthe-
sized polar orthorhombic and centrosymmetric mono-
clinic modifications that have no natural anal ogues.

Centrosymmetric monoclinic hilgardite [3] is stable
in apure carbonate solution and in a carbonate solution
with up to 5% halides. Highly concentrated carbonate
solutions with halogens allow the formation of the new
centrosymmetric monoclinic modification. It can be
assumed that the structural differences in the positions
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of the water molecules are determined by the influence
of carbonate ions. In concentrated carbonate solutions
of up to 20% alkali metal halides, a sodium-free orthor-
hombic modification is formed, whose structure is
being studied. It can be stated that this modification has
no OH groups—they are replaced by haogen ions.
With an increase in the halogen concentration in the
solution, the orthorhombic Na-modification is formed.
Because of the supersaturation of the solution, the crys-
tallization rate increases, which results in crystal non-
homogeneity and the incorporation of various cations
and anions into the framework voids.
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Abstract—The structure of a new complex of samarium(lll) with a hexamolybdoaluminate ion,
Sm[AI(OH)¢MosO 5] - 11H,0, was established by the methods of X-ray diffraction anaysis. The crystallo-
graphic data are as follows: sp. gr. Pbc2,, a = 10.927(4) A, b=11.757(5) A, ¢ = 22.327(9) A, V = 2868(1) A3,
Z =4, Pegeg = 3.040 g/lcm®, R=0.084, Ry, = 0.198. In the [AI(OH)sMo4O,¢]*~ anion, an Al atom is surrounded
by six Mo atoms with distorted octahedral coordination. The anions are linked into chains via Sm atoms. The
coordination polyhedron of a Sm atom is a tricapped trigonal prism with the vertices being occupied by two
terminal oxygen atoms of two adjacent anions and seven water molecules. © 2002 MAIK “ Nauka/ I nter period-

ica” .

INTRODUCTION

The complexes of trivalent f elements with het-
eropolyanions (HPA) of the composition XMo,O3;,
where X = Mo(VI) [1], Te(VI]) [2], or I(VII) [3], are
characterized by various structures. It was of interest to
synthesize and study the complexes of trivalent f ele-
ments with HPA, characterized by the Andersen struc-
ture and containing six protons per HPA formula unit
Me(OH)(Y 0,5, Where Y = Mo and Me = Al, Cr, Fe, or
Ni [4]. Below, we present the results of the X-ray study
of a complex of trivalent samarium with the hexamo-
lybdoa uminate ion.

EXPERIMENTAL

Square platelet-like Sm[AI(OH)MosO,¢] - 11H,0
(1) crystas were obtained upon storage of a
(NH,);[AI(OH){Mo:O 5] - nH,O (I1) (0.01-0.02 mol/l)
solution containing an equimolar amount of samarium
nitrate at room temperature for several hours. Com-
pound I was prepared by the method described in [5].

The X-ray diffraction data were collected on a
Bruker SMART diffractometer. The X-ray data set
measured at room temperature did not yield an ade-
guately structured solution. Hence, we repeated mea-
surementsat 110 K. A total of 8104 independent reflec-
tions were measured in the 26 range up to 60°. The
absorption correction was introduced by using the
SADABS program. The structure was solved by direct
methods and refined by the full-matrix least-squares
method with anisotropic thermal parameters for al the
atoms by the SHELXTL PLUS program package. The

main crystallographic data and the details of the struc-
ture refinement are given in Table 1. The atomic coor-
dinates and the selected interatomic distances are listed
in Tables 2 and 3, respectively. It should be noted that
rather high R factors (Table 1) are, apparently, associ-
ated with the deterioration of single crystals under

X-ray radiation.

Table 1. Main crystallographic parameters and details of the

structure refinement

System Orthorhombic

a, A 10.927(4)

b, A 11.757(5)

c, A 22.327(9)

Sp. gr. Pbc2,

Z 4

Vv, A3 2868(1)

Pealcar FlCM® 2.156

Crystal dimensions, mm 0.06 x 0.19 x 0.22
Radiation (A, A) MoK, (0.71073)
Scanning mode 6/26

2620 deg 60

Number of reflections 27583

Number of independent reflections 8054

Rint 0.090

F(000) 2429

Number of refined parameters 388

R, WR(F?) 0.084, 0.198
GoF 1.062

1063-7745/02/4703-0394%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Table 2. Atomic coordinatesand equivalent thermal parameters  Table 3. Selected interatomic distances d
Atom xla ylb zlc Ueqy A2 Distance d A Distance d, A
Al(1) |0.7560(5) |0.7022(4) |0.3121(3) |0.0115(9)  Al(1)-O(19) 1.91(1) | Mo(3)-O(5) 1.71(2)
Sm(1) | 1.25032(9) | 0.67084(8) | 0.51347(7) | 0.0140(2)  Al(1)-0O(20) 1.90(2) | Mo(3)-O(6) 1.70(2)
Mo(1) |0.9967(2) |0.8056(1) |0.24174(8)|0.0123(4)  Al(1)-O(21) 1.91(2) | Mo(3)-0O(14) | 1.97(2)
Mo(2) |0.9943(2) |0.7994(1) |0.38978(8)|0.0100(3) Al(1)-0O(22) 1.90(1) | Mo(3)-0O(15) | 1.91(2)
Mo(3) |0.7487(2) |0.6971(1) |0.45899(8)|0.0009(3) Al(D)-O(23) 190(2) | Mo(3)-O(20) | 2.26(1)
Mo(4) |05123(2) |0.6010(1) |0.38255(8)|0.0095(3) Al1)-O(24) 191(2) | Mo(3-O(21) | 2.29(2)
Mo(5) |05225(2) |0.5994(1) |0.23432(8)|0.0125(4) 3(?3(;\"’) ;-ﬁ(? mO(j)ﬁ(;) i-z(?
Mo(6) |0.7647(2) |0.7005(1) |0.16417(8) | 0.0113(3) Smgli—ogsx 2'528 M2§4;_O§1)5) 1'958
o(1) 1.049(1) |0.946(1) |0.2473(7) |0.019(3) ()04 2:42(2) Mo(4)-0(16) 1:93(2)
0(2) 1.101(1) |0.737(1) |0.1982(8) |0.021(4) SM(1)-0(5W) 2562 | Mo)-0(21) | 229()
0(3) 1.044(1) |0.935(1) |0.3871(8) |0.019(3) Sm(1)-O(6W) 2402) | Mo@)-0(22) | 2281)
0(4) 0.087(1) |0.729(1) |0.4381(7) |0.016(3) Sm(1)-O(7W) 245(2) | Mo(5)-0(9) 1722
0(5) 0.646(1) |0.776(1) |0.4996(7) |0.014(3) Sm(1)-0(7) 2502) | Mo(5)-0(10) | 1.68(1)
0(6) 0.840(1) |0.626(1) |0.5082(9) |0.019(3) Sm(1)-0(4) 255(2) | Mo(5)-0(16) | 1.98(2)
o(8) 0.460(1) 0.470(1) 0.3769(7) |0.013(3) Mo(1)-O(2) 1.70(2) | Mo(5)-0(22) 2.28(2)
O(9 | 0433(1) |0.674(1) |0.1843(9) |0.026(4) Mo(1)-O(13) 1.93(2) | Mo(5)-0(23) | 2.34(1)
O(10) |0463(1) |0467(1) |0.2363(8) |0.018(3) Mo(1)-O(18) 1.90(2) | Mo(6)-O(11) | 1.68(2)
O(11) |0.668(1) |0.775(1) |0.1200(8) |0.020(3) Mo(1)-O(19) 2.27(2) | Mo(6)-0(12) | 1.71(2)
O(12) |0.865(1) |0.632(1) |0.1179(8) |0.020(3) Mo(1)-O(24) 2.32(1) | Mo(6)-O(17) | 1.92(2)
O(13) |1.059(1) |0.742(1) |0.3155(9) |0.015(3) Mo(2)-0(3) 1.69(1) | Mo(6)-O(18) | 1.95(1)
O(14) |0.854(1) |0.828(1) |0.4399(8) |0.023(4) Mo(2)-0(4) 1.69(1) | Mo(6)-0(24) | 2.30(1)
O(15) |0.652(1) |0.570(1) |0.4345(8) |0.016(3) Mo(2)-0O(13) 1.93(2) | Mo(6)-O(23) | 2.31(2)
O(16) |0.449(1) |0.661(1) |0.3084(8) |0.015(3) Mo(2)-O(14) 1.93(2)
O(17) |0.664(1) |0.573(1) |0.1860(8) |0.017(3) Mo(2)-0O(19) 2.33(2)
O(18) |0.865(1) |0.829(1) |0.1874(7) |0.011(3)  Mo(2)-0O(20) 2.28(1)
O(19) |0.853(1) |0.837(1) |0.3135(9) |0.013(3)
O(20) |0.858(1) |0.654(1) |0.3759(6) |0.006(2) RESULTS AND DISCUSSION
O(21) |0647(1) |0.750(1) | 0.3741(7) |0.012(3) The crystal structure of compound | is built by infi-
O(22) |0.658(1) |0569(1) |0.3107(8) |0.010(2) nite chains along the [100] direction consisting of
0O(23) |0.655(1) |0.753(1) |0.2483(7) |0.013(3) [AI(OH)¢MoO,4]*-anions, Sm?**-cations, and_ coordi-
0O(24) |0.865(1) |0.651(1) |0.2512(7) |0.013(3) 2?&?& V\(/)?gyn;tfgl ficzlglﬁnTVC; Sietrr lﬁfdtlérg ;’;\' ﬁ;) dCr%rgg'n ngonr:gls:
oW |1.0721) | 0552(1) |0.5431(9) |0.032(4) The fragment of the structure of compound | is shown
O(2W) |1.105(1) |0.804(1) |0.5626(8) |0.032(4) in Fig. 1.
O(BW) |1.274(1) |0.880(1) |0.491(1) |0.095(13) . .
I Al 3 he Al -

o | 1400) |0740) 0560 (00220 oy o m bR e e 1
O(5W) |1.256(1) |0.638(1) |0.6268(8) |0.024(4)  Al-Mo distances range within 3.28(1)-3.33(1) A. The
O(BW) |1.218(1) |0.529(1) |0.4372(8) |0.032(4) maximum dz/i ation of the atoms from the mean plane

is 0.042(1) A. The distances between the nearest Mo
O(7TW) |1368(1) |0500(1) |05394(8) |00183) - - range from 3.29(1) to 3.32(1) A.
O(8W) |0.598(1) [0.992(1) |0.073(1) |0.032(5)
O |0 | L0 ) O T ey o
O(10w) | 0.702(1) | 0.353(1) | 0.3299(9) | 0.025(4) forming the coordination octahedron of the al uminurﬁ
O(11w) | 0.211(1) | 0.555(1) |0.314(1) |0.022(3)  atom. The O-AI-O angles differ from 90° and range
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O(1) 0(12)
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Fig. 1. Fragment of the Sm[Al(OH)gMogO 5]

within 84.4(6)°—95.8(6)°. The Al-O distances are equal
to 1.90(2) A.

The coordination polyhedra of molybdenum atoms
aredistorted octahedraformed by three types of oxygen
atoms—two terminal oxygen atoms, two bridging oxy-
gen atoms linking the adjacent Mo atoms, and two
bridging oxygen atoms linking the Mo atoms to the Al
atom. Depending on the type of the oxygen atom, the
Mo-O distances range within 1.65(2)-1.75(2),
1.90(2)-1.98(2), and 2.27(2)-2.34(2) A, respectively.
Each Mo-octahedron shares one edge with two adjacent
MoOjg octahedra and one AlOg octahedron.

Analogous anion structures were also found in the
Na3(H6CTM06024) " 8H20 [6], K6(TCMO6OZ4) " 7H20 [7],

O(5W)

Fig. 2. Coordination polyhedron of a Sm atom in the
Sm[AI(OH)gMogO;g] - 11H,0 structure.

CRYSTALLOGRAPHY REPORTS Vol. 47

- 11H,0 structure projected onto the XOZ plane.

Ndy(TeMogO,,) - 18H,O [2], (NHy)s(TeMogOyy) -
Te(OH), - 7H,0 [8] structures.

The anions form chains connected by Sm atoms.
The coordination polyhedron of a Sm atom is a tri-
capped trigonal prism with the vertices occupied by
two terminal oxygen atoms of two adjacent anions and
seven water molecules (Fig. 2). The Sm-O distances
range within 2.40(2)—-2.49(2) A. The angles formed by
the prism bases are 7.5°. The angles between the side
faces are 58.2°, 58.3°, and 63.5°.
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Abstract—The Nd, sPb; 7(VO,)y3(BO3)Og 45 (1), Tby 5Pb; 6(GeOy)y4(BO3)Og 0 (I1), Dy, sPby 65(GeO4)g 35(BO3)Og 25
(111, and Hog ¢6(BO5),(B,05)Og (1V) crystalswere grown by spontaneous crystallization from flux and studied
by the methods of X-ray diffraction analysis. The unit-cell parameters are a = 21.946, 21.590, 21.478, and
18.207 A; b = 3.7881, 3.6565, 3.6333, and 3.6685 A; ¢ = 16.857, 16.618, 16.544, and 14.024 A; B = 123.70°,
124.64°, 124.49°, and 119.81°; sp. gr. C2/m; and Z =4, 4, 4, and 2 for I, 11, 111, and 1V, respectively. In 1111
compounds, Pb atoms, together with the atoms of group V, and Pb atoms and Ge atoms occupy the mixed posi-
tions. In structure 1V, al the five independent Ho positions are occupied only partially. © 2002 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Anhydrousrare-earth borates are of interest aslumi-
nescent and laser materials. However, simple rare-earth
(RE) borates and oxoborates exhibit alimited structural
variety [1]. Mixed cationic RE borates are studied in
sufficient detail, whereas mixed anionic borates are
studied much less. We made an attempt to synthesize

RE borates with tetrahedral VO? or Geoj” anions.

However, in addition to tetrahedral anions, the com-
pounds synthesized from PbO melts also contained
lead.

EXPERIMENTAL

Single crystals of the compounds Nd, sPb, (VO,)3 -
(BO3)Og4, (1), ThysPb; 6(GeO4)4(BO3)Og 0  (I1),
Dy, sPb; 65(Ge04)3(BO3)Og 25 (I11), and Hog ¢(BO3), -
(B,05)04 (1V) were synthesized by spontaneous crys-
tallization from lead oxide flux containing the corre-
sponding oxides. The compound compositions were
established by the methods of X-ray diffraction analy-
sis. Compound | was synthesized, and its structure was
determined [2]. However, the unusua environment of
one of the lead atoms and a vanadium atom gave rise to
some doubts, and therefore we undertook a new struc-
tural study of compound I. The crystals of al the com-
pounds synthesized have aneedle-like habit. The X-ray
diffraction data sets were collected on an Enraf-Nonius
CAD-4 diffractometer (MoK, radiation, graphite
monochromator). The absorption correction was intro-
duced anaytically with the crystal shapes being
approximated by cylinders. The structures were solved
by direct methods with the use of the Fourier syntheses

T Deceased.

and the SHEL XS-97 [3] and SHEL XL-97 [4] program
packages. The main crystallographic data and the
results of the structure refinement are given in Table 1.
The atomic coordinates and the equivalent (isotropic)
thermal parameters are listed in Table 2. The selected
interatomic distances are indicated in Table 3. In the
crystal structures of compounds I-111, one of the RE
atoms is disordered over two positions, Ln(51) and
Ln(52). The Ph(21) and Pb(22) atoms are disordered in
thesimilar way. The central atoms of the tetrahedral V' or
Ge anions statistically occupy the position in close
proximity to the Pb(1) atom. The O(11) atom (the
0O(9) atom in [2] mistakenly located in the plane m)
occupies its position only partly. In the structures of
compounds |-111, the positions of lead atoms are
unambiguoudly confirmed by the geometry of their
environment typical of the stereochemically active lone
electron pair—the low coordination numbers (3 and 4)
of lead atoms and the existence of a large free zone
occupied by a lone electron pair. The occupancies of
the positions statistically filled with atoms were refined
by the least-squares method in the i sotropic approxima-
tion of thermal atomic displacements. The thermal
parameterswere fixed and were assumed to be the same
for al the lanthanide atoms. All the lead atoms were
also refined with the same thermal parameter. The ther-
mal parameter of avanadium (or germanium) atom was
1.5 times higher than that of lead atoms. The thermal
parameter of the O(11) atom was twice as high asthat of
the lead atoms. The resulting occupancies of the atomic
positions corresponded to the chemical formula, whose
charge differed from zero by not more than +0.3 per unit
cell. In the subsequent refinement, the occupancies
were fixed (in order to compensate the positive charge
of the chemical formula, the occupancies of the O(11)
atomswereincreased by 20-25%), whereasthethermal
parameters were refined. The structures of compounds
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Tablel. Main crystallographic data and details of the X-ray diffraction study of Nd,sPb;7(VOy4)y3(BO3)Og 42,
Tby, 5Pb; 6(GeO4)g 4(BO3)Og 02, Dy4 sPby 63(GeOy4)g.32(BO3)Og 28, and Hog g(BO3),»(B,05)Og

Compound Nd4.5Pblé7(OV62;1)0.3 ' Tb4.5Pb1.g(8§%1)0.4 ' DY4.5Pb1.6§(8:Z4)0.32 " | Hog g6(BO3)(B,05)Og
System Monaclinic Monaclinic Monoclinic Monaclinic
a, A 21.946(3) 21.590(3) 21.478(4) 18.207(4)
b, A 3.7881(7) 3.6565(7) 3.6333(8) 3.6685(7)
c, A 16.857(2) 16.618(3) 16.544(2) 14.024(3)
B, deg 123.70(2) 124.64(2) 124.49(3) 119.81(2)
Sp. gr. C2/m C2/m C2/m C2/m
Vv, A3 1165.9(3) 1079.3(3) 1064.1(3) 812.8(3)
Z 4 4 4 2
p, glem® 36.821 7.732 8.002 7.255
g, mmt 44.393 55.087 58.573 41.714
Crystal dimensions, mm 0.08 x 0.01 x 0.01 0.12 x 0.02 x 0.02 0.16 x 0.03 x 0.03 0.13x0.04 x 0.04
Bmax deg 40 40 40 425
Number of measured 7146 3754 4043 3296
reflections
Number of independent | 3821 [R(int) = 0.0638] 3754 3672 [R(int) = 0.0768] |3222 [R(int) = 0.0681]
reflections
Number of refined pa- 94 127 127 98
rameters
R1, wR2 (I > 2a(1)) 0.059, 0.152 0.063, 0.113 0.049, 0.129 0.062, 0.152
R1, wR2 (all reflections) 0.074, 0.158 0.075, 0.123 0.069, 0.138 0.111, 0.169
Gof 1.061 0.701 1.088 1.073

-1l were refined by the full-matrix least-squares
method both in the isotropic and anisotropic approxi-
mations of thermal atomic displacements.

In [5], the structure of the Y, 3;(BO5)4(B,05),06
compound (whose X-ray powder pattern isidentical to
our pattern of compound V) was established by the
Rietveld method within the sp. gr. Cm. An attempt to
solve the structure within the sp. gr. C2/m [5] resulted
in the conformation of the pyroborate group with the
BOB angle equal to 180°. We managed to grow single
crystals of compound 1V suitable for X-ray diffraction
study. The refinement within the sp. gr. Cmresulted in
unrealistic thermal parameters and pronounced correla
tions between the positional and the thermal parame-
ters. After the refinement within the sp. gr. Cmwith due
regard for centrosymmetric twinning, the domain ratio
was 0.492(5) : 0.508(5); however, the thermal parame-
ters of some atoms had unreasonable values. The
refinement within the sp. gr. C2/m eliminated all the
correlations and provided reasonable values of thermal
parameters for al the atoms. The bridging O(10) atom
of apyroborate group is disordered about the center of
inversion (the O(10)...0(10a) distance equals 0.93 A),
and the BOB angleis 142(2)°. Of al the lanthanides, the

CRYSTALLOGRAPHY REPORTS Vol. 47

size of holmium is the closest to the size of yttrium (the
ionic radii of HoandY at the coordination number 8 are
1.015 and 1.019 A, respectively [6]), and the com-
pounds including these elements are usually isostruc-
tural. Most likely, the erroneous choice of the space
group in [5] is explained by the limited experimental
data obtained from a polycrystal sample.

In structure 1V, al the holmium positions are occu-
pied only partly. The structure of compound IV was
refined by the least-squares method, with the occupan-
cies of the positions being refined simultaneously with
the anisotropic thermal parameters of holmium atoms.

RESULTS AND DISCUSSION

Isostructural compounds |11 are built by six-,
seven-, and eight-vertex Ln-polyhedra, lead-polyhedra,

borate BO;Z” anions, and tetrahedral VOf or Ger”
anions. All the atoms, except for O(11), are located in
planes m. In our opinion, the Nd(51) position (in the
scheme of atomic numbering used in our study) in the
structure of compound | was erroneously attributed in
[2] to lead (Pb(3) in [2]), because the geometry of the

No. 3 2002
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Table2. Atomic coordinates and thermal parameters of Nd, sPb; 7(VO4)3(BO3)Og4s, Tby sPb; 5(GeOy)y4(BO3)Og g0
Dy, 5Pb; 63(GeO4)g 32(BO3)Og 25, and Hog 66(BO3),(B,05)Og

Atom x y z Ueof Ussor A? Occupancy
Nd, sPb; 7(VO4)03(BO3)Og 42
Nd(1) 0.31891(3) 12 0.30178(4) 0.00429(12) 1
Nd(2) 0.20576(3) 0 0.37344(4) 0.00537(12) 1
Nd(3) 0.48788(3) 12 0.29511(4) 0.00368(12) 1
Nd(4) 12 0 12 0.00495(15) !
Nd(51) 0.32470(5) 0 0.11056(7) 0.00548(16) 033
Nd(52) 0.34189(10) 0 0.09456(13) 0.0053(3) 0.17
Pb(1) 0.15233(4) 0 0.09019(6) 0.01386(16) 0.35
V(1)* 0.1759(4) 0 0.0789(5) 0.0041(9) 0.15
Pb(21) 0.04042(9) 12 0.16211(15) 0.0093(3) 0.29
Pb(22) 0.05652(12) 12 0.1727(2) 0.0107(4) 0.21
o(H* 0.3614(6) 12 0.1985(7) 0.0100(15) 1
0(2)* 0.4468(4) 12 0.3989(6) 0.0043(12) 1
0@3)* 0.2647(7) 0 0.2027(9) 0.018(2) 1
O4)* 0.2121(6) 12 0.3045(8) 0.0111(16) 1
O(5)* 0.0803(5) 0 0.2598(7) 0.0089(15) 1
0(6)* —0.0400(6) 12 0.1976(8) 0.0108(16) 1
0(7)* 0.4430(5) 0 0.5893(7) 0.0073(14) 1
O(8)* 0.3456(5) 0 0.4214(7) 0.0094(15) 1
O9)* 0.3146(5) 0 0.5371(7) 0.0069(13) 1
0(10)* 0.1972(8) 0 0.0007(11) 0.022(2) 1
o(11)* 0.126(2) 0.398(11) 0.047(3) 0.039(9) 031
B(1) 0.3670(6) 0 0.5176(8) 0.0023(16) 1
Tb, sPb; 6(GeO4)g.4(BO3)Og 02
Tb(1) 0.31456(2) 12 0.29935(3) 0.00454(9) 1
Tb(2) 0.20468(2) 0 0.37393(3) 0.00549(10) 1
Tb(3) 0.48374(2) 12 0.29520(3) 0.00425(9) 1
Tb(4) 12 0 1/2 0.00663(12) 1
Tb(51) 0.32076(4) 0 0.11153(5) 0.00412(11) 0.33
Th(52) 0.33892(8) 0 0.09227(10) 0.0050(2) 0.17
Pb(1) 0.14443(4) 0 0.08002(5) 0.00913(12) 0.30
Ge(1) 0.1735(2) 0 0.0761(3) 0.0136(6) 0.20
Pb(21) 0.03814(17) 12 0.1629(4) 0.0106(4) 0.28
Pb(22) 0.0525(2) 12 0.1719(5) 0.0111(5) 0.22
o) 0.3566(5) 12 0.1994(6) 0.0124(14) 1
0Q) 0.4436(4) 12 0.3954(5) 0.0043(10) 1
0(3) 0.2602(7) 0 0.1994(7) 0.021(2) 1
04) 0.2088(5) 12 0.3027(6) 0.0100(13) 1
(0]&))] 0.0795(4) 0 0.2670(6) 0.0077(11) 1
0(6) —0.0433(5) 12 0.1982(6) 0.0063(11) 1
o(7) 0.4430(4) 0 0.5869(6) 0.0076(11) 1
o) 0.3446(5) 0 0.4205(6) 0.0095(12) 1
0) 0.3151(4) 0 0.5394(5) 0.0073(11) 1
O(10) 0.197009) 0 —0.0038(11) 0.029(3) 1
O(11y* 0.1426(13) 0.447(9) 0.0801(18) 0.025(5) 031
B(1)* 0.3685(6) 0 0.5169(8) 0.0058(15) 1
CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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Atom X y z Ueq/Uisor AZ Occupancy
Dy 4.5PD1.68(G€04)0.32(BO3)Og 28
Dy(1) 0.31471(2) 1/2 0.29947(3) 0.00969(10) 1
Dy(2) 0.20525(2) 0 0.37444(3) 0.00986(10) 1
Dy(3) 0.48363(2) 12 0.29568(3) 0.00903(9) 1
Dy(4) 12 0 1/2 0.01056(12) 1
Dy(51) 0.32107(4) 0 0.11121(5) 0.01112(12) 0.35
Dy(52) 0.33915(9) 0 0.09310(12) 0.0113(2) 0.15
Pb(1) 0.14514(4) 0 0.08076(6) 0.01891(14) 0.34
Ge(1) 0.1718(3) 0 0.0779(3) 0.0170(7) 0.16
Pb(21) 0.0383(5) 12 0.1629(8) 0.0138(8) 0.17
Pb(22) 0.0485(2) 12 0.1711(4) 0.0202(6) 0.33
0(1) 0.3572(5) 12 0.2016(7) 0.0186(17) 1
0(2) 0.4436(4) 1/2 0.3990(6) 0.0125(13) 1
o@3) 0.2610(7) 0 0.2022(7) 0.0221(19) 1
0(4) 0.2082(5) 1/2 0.3031(7) 0.0158(14) 1
O(5) 0.0801(5) 0 0.2687(7) 0.0141(13) 1
O(6) —0.0458(5) 1/2 0.1985(7) 0.0154(13) 1
o(7) 0.4442(4) 0 0.5877(6) 0.0108(11) 1
o(8) 0.3413(5) 0 0.4178(6) 0.0138(13) 1
0(9) 0.3143(4) 0 0.5389(6) 0.0133(13) 1
0(10) 0.1933(9) 0 —0.0047(10) 0.036(3) 1
O(11)* 0.124(5) 0.34(3) 0.049(6) 0.12(3) 0.28
B(1)* 0.3661(6) 0 0.5161(8) 0.0099(14) 1
HOg g6(BO3)2(B205)Og
Ho(1) 0.34281(4) 0 0.04217(6) 0.01155(16) 0.48(1)
Ho(2) 0.37121(4) 12 0.27183(6) 0.01358(17) 0.48(1)
Ho(3) 0.55822(4) 0 0.27536(6) 0.01385(17) 0.48(1)
Ho(4) 0 0 0 0.0159(2) 0.241(5)
Ho(5) 0.73695(4) 0 0.59240(6) 0.01512(17) 0.48(1)
o(1) 0.2968(6) 1/2 0.0909(10) 0.0136(17) 1
0(2) 0.4848(7) 0 0.0904(12) 0.020(2) 1
0@3) 0.4201(7) 0 0.2332(11) 0.0148(18) 1
0O(4) 0.6949(7) 0 0.4125(9) 0.0158(18) 1
o(5) 0.6442(7) 12 0.0657(10) 0.018(2) 1
0o(6) 0.6291(7) 12 0.2273(11) 0.019(2) 1
o(7) 0.7677(7) 12 0.2467(11) 0.023(3) 1
0(8) 0.6413(11) 12 0.5676(15) 0.040(4) 1
0(9) 0.5450(16) 12 0.3682(14) 0.047(6) 1
0O(10)* 0.4825(16) 12 0.462(2) 0.019(4) 0.25
B(1)* 0.6800(10) 12 0.1777(16) 0.016(2) 1
B(2)* 0.5629(15) 1/2 0.478(2) 0.026(4) 1
* Atoms were refined isotropically.
CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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Table3. Selected bond lengths (A) in the Nd,sPb;+(VO,)03BO:5)0gsm (), ThysPb; ((GeOy)os(BOs)Os0, (D),
Dy, sPb; 3(GeOy) 32(BO3)Og 3, and Hog ¢6(BO3),(B,05)Og structures

Atoms | I 11
M=Nd, A=V M=Tb, A=Ge M =Dy, A=Ge
M(1)-O(2) 2.336(8) 2.293(7) 2.283(8)
M(1)-O(3) x 2 2.364(8) 2.294(6) 2.262(6)
M(1)-O(4) 2.370(10) 2.316(9) 2.322(9)
M(1)-O(1) 2.389(10) 2.302(10) 2.264(8)
M(1)-O(8) x 2 2.585(7) 2.517(6) 2.488(5)
M(2)-O(4) x 2 2.266(6) 2.207(5) 2.187(5)
M(2)-O(5) 2.324(10) 2.237(7) 2.227(8)
M(2)-0O(9) 2.450(9) 2.407(7) 2.382(8)
M(2)-O(9) x 2 2.609(6) 2.510(5) 2.493(5)
M(2)-O(8) 2.706(10 2.659(9) 2.584(8)
M(3)-O(1) 2.311(10) 2.258(9) 2.237(9)
M(3)-O(6) x 2 2.356(6) 2.283(5) 2.266(5)
M(3)-0O(2) 2.372(8) 2.272(7) 2.307(7)
M(3)-O(5) 2.409(9) 2.365(8) 2.354(7)
M(3)-O(7) x 2 2.531(6) 2.482(5) 2.457(5)
M(4)-0O(2) x 4 2.376(5) 2.332(4) 2.295(5)
M(4)-O(7) x 2 2.434(9) 2.371(8) 2.347(7)
M(4)-O(8) x 2 2.873(10) 2.821(9) 2.867(8)
M(51)-O(1) x 2 2.260(6) 2.188(5) 2.197(5)
M(51)-O(10) 2.347(14) 2.235(16) 2.291(16)
M(51)-O(6) 2.478(10) 2.425(8) 2.364(10)
M(51)-O(10) x 2 2.517(10) 2.432(9) 2.425(8)
M(51)-O(3) 2.533(13) 2.451(12) 2.476(11)
M(52)-O(6) 2.178(11) 2.116(8) 2.066(10)
M(52)-O(10) x 2 2.318(8) 2.193(8) 2.184(7)
M(52)-O(1) x 2 2.451(7) 2.426(6) 2.426(6)
M(52)-O(10) 2.647(14) 2.526(16) 2.586(16)
M(52)-0O(11) x 2 2.87(4) 3.11(4) 2.94(11)
Pb(1)-0O(3) 2.119(13) 2.133(11)
2.137(12)
Pb(1)-0O(10) 2.212(14) 2.241(15) 2.175(13)
Pb(1)-0O(11) x 2 2.37(4) 2.02(3) 2.44(12)
A(1)-0(10) 1.625(15) 1.670(15) 1.671(13)
A(1D)-0(11) x 2 1.77(4) 1.78(3) 1.50(11)
A(1)-0O(3) 1.908(15) 1.829(11) 1.854(12)
Pb(21)-0O(6) 2.154(10) 2.146(10) 2.193(11)
Pb(21)-0O(5) x 2 2.338(6) 2.318(6) 2.321(9)
Pb(22)-0O(5) x 2 2.273(6) 2.265(6) 2.264(7)
Pb(22)-0O(6) 2.376(11) 2.344(10) 2.313(10)
Atoms v Atoms v

Ho(1)-O(1) x 2 2.259(6) Ho(1)-O(1) 2.287(11)
Ho(1)-0O(2) 2.324(10) Ho(1)-O(3) 2.325(13)
Ho(1)-O(5) x 2 2.463(8) Ho(2)-0O(1) 2.204(12)
Ho(2)-0O(3) x 2 2.221(6) Ho(2)-0O(8) 2.37(2)
Ho(2)—0O(10) 2.42(3) Ho(2)-O(7) x 2 2.526(7)
Ho(2)—0(9) 2.75(3) Ho(3)-0(2) 2.251(14)
Ho(3)-0(4) 2.265(11) Ho(3)-0O(3) 2.279(10)
Ho(3)-0O(9) x 2 2.330(14) Ho(3)-O(6) x 2 2.520(7)
Ho(4)-O(5) x 2 2.311(11) Ho(4)-0(2) x 4 2.323(8)
Ho(4)-0O(6) x 2 2.869(13) Ho(5)-0O(4) x 2 2.235(6)
Ho(5)-0(4) 2.243(11) Ho(5)-0O(7) 2.300(12)
Ho(5)—0(8) x 2 2.433(12) Ho(5)-0(6) 2.493(13)
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Fig. 2. Structure of compound |V projected along the y-axis.
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polyhedron in this position (the coordination number 7,
the Nd-O distances range within 2.26-2.53 A) is
unusual for lead but is characteristic of neodymium.
This conclusion is additionally supported by the Brown
calculation [7] of thelocal va ence balance—the calcu-
lated charges for the Nd and Pb positions are 3.18 and
3.23, respectively. The coordination polyhedron of a
pentavalent vanadium described in [2] as a semioctahe-
dron (one OVO bond angleis 175° and five OVO bond
angles range from 87° to 89°) seems also to be improb-
able. The displacement of the O(11) atom (the O(9)
atom according to the numbering scheme in [2]) from
the plane mleadsto a more realistic tetrahedral coordi-
nation of the vanadium atom (the OVO angles range
within 99°-115°).

The projection of the structure of compound 111

along the y-axis (Fig. 1) shows the Geof tetrahedron

in the position occupied by lead and germanium. One
can clearly see large cavities toward which the lone
electron pairs of lead atoms are directed.

Apparently, compounds I-111 are the representa-
tives of alarge family described by the general formula
Ln,Pb(MO,),(BO3)Oy, Taking into account that M can
be either a pentavalent or a tetravalent cation and that
the structure contains a partly occupied oxygen posi-
tion, it is possible to expect the formation of the com-
pounds Ln,Pb,(MO,),(BO;)O,, in which RE positions
are partly replaced by the cations either with higher or
lower charges.

The structure of compound IV is built by seven- and
eight-vertex holmium polyhedra and orthopyroborate
anions. All the atoms are located in the mirror symme-
try planes. The occupancies of al the five crystallo-
graphically independent holmium positions are 0.96.
Figure 2 shows the structure of compound |V projected
along the y-axis. The framework structure has four
independent oxygen atoms of the oxo groupswith atet-
rahedra environment of holmium atoms. Four of the
five terminal oxygen atoms of borate groups aso have
a tetrahedral environment of three holmium and one
boron atoms. The O(6) atom is involved in the bonds
with four holmium atoms and one boron atom forming
atrigonal bipyramid with the boron atom in the equato-
rial position. Even the disordered bridging O(10) atom
of a pyroborate group is coordinated with a holmium
atom.

As early asin the mid-1960s, the Debye patterns of
the 3Ln,0; - B,0; compounds were indexed for all the
RE elements and it was demonstrated that two morpho-
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tropic transitions took place in the series of the com-
pounds described by the same formula—from La, Pr,
and Nd (sp. gr. P2,/c) to Sm—Yb (C2/m, C2, Cm; Z = 6)
and then to Lu (C2/m, C2, Cm; Z = 8) [8]. However,
structural studies of 3Lr,05 - B,O; were made only in
recent years. It turned out that, in fact, the compounds
have somewhat different stoichiometry. The
Lays(BO3)50,7 [9] and Y 17 33(BO5)4(B,05),04 [5] com-
pounds were studied by the methods of X-ray diffrac-
tion analysis (the latter compound is isostructura to
oxoborates of Sm-Yb). The La,s(BO;)30,; and
Y,5:(BO5),(B,05)0,, compounds can be written as
(3La,05 - B,03), - La,0; and (3Y,0; - B,03)135B,0;,
respectively; i.e., with adecrease in the size of the lan-
thanide atom the Ln : B ratio in Ln,O5 - B,O; boratesis
changed from 26 : 8t0 26 : 9.

In the transition from the La,,(BO5)30,; structure
type to the Y7 53(BO5)4(B,05),0,, one (which, some-
what conditionally, can be considered as a morphotro-
pic transition), no essential changesin the RE coordina-
tion are observed (in both structures, the coordination
numbers of RE are 7 and 8).
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Abstract—Three-dimensional incommensurately modulated cubic lazurite from the Malo-Bystrinskoe deposit
(the Baikal region) was studied by the methods of X-ray diffraction analysis. Thea parameter of the cubic unit cell
1$9.077(1) A. The calculations performed within the sp. gr. P23 (R= 0.056, 309 independent refl ections) provided
detailed information on the average structure of the mineral (the satellite reflections were ignored). © 2002 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Like hauyne and noseane, lazurite of the complex
composition (Na,Ca,K), sSicAl0,,(SO,, S, Cl),
nH,O belongs to the sodalite group. The minerals of
this group are of particular interest because their X-ray
diffraction patterns have, in addition to the Bragg
reflections from the cubic sublattice, satellite reflec-
tions indicative of the modulation of the crystal struc-
ture. Lazurites are characterized by a wide variety of
incommensurate and commensurate modul ations of the
structure. As aresult, the symmetry of the crystal struc-
tures of various lazurite specimens change from cubic
totriclinic[1-3]. Inall cases, itisdifficult to understand
and adequately describethe character of superstructural
distortions and, especially, the X-ray diffraction pattern
of cubic lazurite. The intensities of the satellite reflec-
tions and the presence of high-order (up to the fourth
order) satellites show that cubic lazurite is character-
ized by athree-dimensional incommensurate modula-
tion with a pronounced amplitude and nontrivial wave
functions. To solve the difficult problem of finding and
refining the modulation parameters, it is necessary to
obtain reliable information on the basis structure of
cubic lazurite considered in this article.

EXPERIMENTAL

We studied cubic lazurite from the Malo-Bystrinskoe
deposit (the Baika region). The X-ray diffraction data
were collected from a pale-blue poorly-faceted single
crystal. The fragments of the X-ray diffraction pattern
measured within the total sphere of the reciprocal space

were combined into one set of the integrated intensities
of 5778 main reflections of which 3688 reflections had
I >3a(l).

The systematic absences indicated three possible
space groups of the diffraction class m3m or two space

groups of the lower-symmetry diffraction class m3.
However, the centrosymmetric space groups Pn3mand

Pm3 are inconsistent with the structural model in
which sulfur-tetrahedra are located at inversion centers,
whereas the acentric space group P432 rigidly fixesthe
positions of the O atoms aong the z-axis. Using the
main reflections, we can describe the symmetry of

cubic lazurite by the sp. gr. P43m. However, the pres-
ence of satellitereflectionsisindicative of alower sym-

metry and requiresthetransition from the group P43m
to the subgroup P23, because some hkl and khl reflec-
tions have considerably different intensities and cannot
bel ong to one group of equivalent refl ections within the

diffraction class m3m (the merging R factor exceeded
7%). Averaging the intensities of the equivalent reflec-

tions within the diffraction class m3 (R, = 0.031), we
arrive at 309 independent reflections. It should be noted
that, although the satellite reflections were ignored, the
main reflections comprised the most intense but small
fraction of the overal set of rather strong reflections
(the total numbers of reflections, together with the sat-
ellitereflections, were 220-908 and 40—-214 before and
after averaging, respectively).

1063-7745/02/4703-0404%$22.00 © 2002 MAIK “Nauka/ Interperiodica’



AVERAGE STRUCTURE OF CUBIC LAZURITE

All the computations were performed by the AREN
and JANA crystallographic program packages [4, 5].
The atomic coordinates of cubic hauyne [6] (trans-

formed from the sp. gr. P43n to the sp. gr. P23) were
used as the starting model for the refinement. The rela
tively high initial R factor indicated that the starting
model was rather rough. The additional S(2), Na(2),
and Ca positions and the mixed M(Na,Ca) position
were localized from Fourier syntheses. The thermal
parameter of one of the O atoms determined at this
stage wastwice aslarge asthat of another oxygen atom,
O(1), which provided evidence that the former position
can be split. Actually, the difference electron-density
synthesis contained an additional peak at a distance of
0.776(6) A from the O atom characterized by a large
thermal parameter and also four positions occupied by
sulfide sulfur atoms. The refinement of the occupancies
of the positions statistically occupied by O(2) and
0O(2") atoms and al the positions occupied by
intraframework cations with due regard for the mixed
occupancy of the M position reduced the R factor to 9%
and 5.6% in the isotropic and anisotropic approxima-
tions, respectively. The crystallographic characteristics
and the details of the X-ray diffraction study are indi-
cated in Table 1. The atomic coordinates, thermal
parameters, multiplicities, and occupancies of the posi-
tionsarelisted in Table 2. Theinteratomic distances are
given in Tables 3 and 4.

RESULTS AND DISCUSSION

Thebasisstructure (Fig. 1) calculated from themain
reflections, with no account for the satellite reflections,
isthe superposition of all unit cellswith their particular
atomic arrangements. As a consegquence, the thermal
parameters of the atoms are overestimated, and the sta-
tistically occupied positionsin the average structure are
split. As can be seen from Tables 2 and 3, the Si and Al
positions in such a structure cannot be distinguished,;
the position of one of the two O atoms involved in the
formation of the tetrahedral framework is split into two
subpositions, whereas the positions of the intraframe-
work sulfide sulfur forms the pairs with rather short
spacings between them. The sulfate sulfur atoms
occupy the positions 1la and 1b with the coordinates
(00 0) and (1/2 1/2 1/2), respectively, whereas in the
structures of hauyne[6] and cubic lazurite[ 7] described

withinthe sp. gr. P43n they occupied thesingle (00 0)
position. In the hauyne structure, the position of the
oxygen atom involved in the environment of a sulfur
atom is split. Asaresult, the S-tetrahedron has two sta-
tistically occurring orientations. The sulfide sulfur
atoms occupy the 6i and 6f positions and are located in
the same cavities as the SO,-tetrahedra, thus competing
with the sulfate sulfur atoms or their oxygen environ-
ment (Table 4).

Large Na and Ca cations occupy the positions 4e
along the body diagonals of the cubic unit cell. Their
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Table 1. Crystallographic data and details of the X-ray
diffraction experiment
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Characteristic Data and conditions
Unit-cell parameter, A a=9.077(1)
Unit-cell volume, A3 V = 747.9(3)
Density, Pegeg, 9/CM® 2.306
Sp. gr. P23
Radiation; A (A) MoK,; 0.71073
Crystal dimensions, mm 0.30x0.36 x 0.44

Oxford Xcalibur four-circle
diffractometer, kK geometry,

Diffractometer

CCD detector
sinB/A, AL 0.11-0.72
Ranges of the indices of —10<h<12,-12<k< 10,
measured reflections -12<1<12
R for equivalent reflections 0.031
Resd. = Z(9))/Z(1) upon 0.0021

averaging

Total number of reflections 5778 reflections including

3688 reflections with
I >30(l)
Number of independent 309 1 > 3a(l)
reflections
Software for diffractometer CrysAlisRED
(Version 1.167);
Programs for structural AREN, JANA
computations
Number of parameters refined 101
Extinction parameter E 0.0001112
R, R,-factors upon anisotropic | 0.056; 0.046

refinement

polyhedra are formed not only by the O(1), O(2), and
O(2") atoms but also by the Og, and Og,, atoms sur-
rounding the sulfate sulfur atoms and the anions of
S(3)-S(6) sulfide sulfur. Allowance for the statistical
filling of the anionic subpositions (Table 4) reducesthe
coordination numbers of the cations, which is reflected
in the polyhedron namesin Table 3.

According to the microprobe analysis, the composi-
tion of the mineral can be written (Z = 1) as
(Nag41Ca; 36K0.04)57.81(S16.00Al591)512024[(SO4), 73 X
Cly17]5190- Then, it follows that the Na/Ca ratio is
inconsistent with the electroneutrality of the formula
The X-ray structure study provides a more balanced
formula with some coefficients being rounded off
(within the experimental error of the determination of
the occupancies) and alowance for the Cl atoms
detected by microprobe analysis, namely,

Nag ,Ca, 7(AlgSigO24)[(SO4)oss Sg—g Cly,]. Since the

character of incorporation of sulfur atoms into lazurite
structures can hardly be determined by chemical meth-
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Table 2. Atomic coordinates, multiplicities (Q), and occupancies (q) of the positions and equivalent thermal parameters

Atom xla y/b zlc Q q Beg A2
T(2) 05 0.2499(1) 0 6 1 3.2(1)
T(2) 0.5 0 0.2499(1) 6 1 3.6(1)
0o(1) 0.3509(3) 0.3512(3) 0.0163(5) 12 1 7.8(2)
0(2) 0.1466(3) 0.1464(3) 0.5355(3) 12 0.68(1) 4.3(2)
o(2" 0.1508(6) 0.1521(6) 0.4502(6) 12 0.32(1) 3.2(2)
M 0.7547(3) 0.7547(3) 0.7547(3) 4 0.36(2) 5.1(3)
Ca 0.8150(3) 0.8150(3) 0.8150(3) 4 0.27(2) 5.0(3)
Na(1) 0.2585(3) 0.2585(3) 0.2585(3) 4 0.44(1) 4.4(1)
Na(2) 0.2019(5) 0.2019(5) 0.2019(5) 4 0.24(1) 3.1(2)
Na(3) 0.3253(6) 0.3253(6) 0.3253(6) 4 0.32(1) 5.7(2)
Na(4) 0.6872(5) 0.6872(5) 0.6872(5) 4 0.37(2) 6.6(2)
S(1) 0 0 0 1 0.51(1) 9.3(2)
S(2) 0.5 0.5 0.5 1 0.37(2) 8.1(2)
Oq1) 0.8996(9) 0.8996(9) 0.8996(9) 4 0.51(2) 11.4(2)
Og») 0.3930(8) 0.3930(8) 0.3930(8) 4 0.37(1) 10.4(3)
S(3) 0.1522(87) 0.5 05 6 0.06(2) 19.3(4)
S(4) 0.2589(30) 0 0 6 0.07(1) 8.7(7)
S(5) 0.2683(97) 05 05 6 0.03(2) 10.3(8)
S(6) 0.1471(42) 0 0 6 0.05(2) 11.6(6)

Note: T=SigsAlgs5 M = NageCag 4.
Table 3. Interatomic distances (A)
Tetrahedra
T(1)-O(1) 1.643(3) x 2 T(2)-0(1) 1.639(2) x 2 S(1)-Ogy) 1.578(8) x 4
0(2") 1.658(3) x 2 0(2) 1.660(3) x 2 Og(1y~Os(1) 2.58(1)
02" 1.709(6) x 2 02" 1.693(6) x 2 S(2)-Ogz) 1.682(8) x 4
Os527-Os2) 2.75(1)
Nine-vertex Ca-polyhedron Ten-vertex M-polyhedron Seven(nine)-vertex Na-polyhedron
Ca-S(6) 2.399(6) x 3 M—Oyg) 2.278(9) Na(1)-Og, 2.113(8)
S4) 2.463(8) x 3 0(2") 2.359(4) x 3 o@2" 2.217(6) X 3
0(2") 2.585(4) x 3 O(1) 2.735(5) % 3 o(1) 2.499(5) x 3
o(1) 2.807(4) x 3 02" 3.015(6) x 3 0(2) 2.896(4) x 3
S4) 3.151(3) x 3 S(5) 3.101(4) x 3
Ten-vertex Na-polyhedron Nine-vertex Na-polyhedron Nine-vertex Na-polyhedron
Na(2)-0(2") 2.345(7) x 3 Na(3)-S(5) 2.30(2) x 3 Na(4)-S(5) 2.44(1) x 3
O(1) 2.550(6) % 3 02" 2.503(8) x 3 0(2) 2.540(6) % 3
S(6) 2.639(8) x 3 S(3) 27(1)%x 3 S(3) 2.8(1)%x3
S(4) 2.643(7) x 3 o(1) 2.824(7) % 3 Oy(2) 2.862(9) x 3
Oga 3.004(9) 0(2) 2.985(7) x 3 02" 2.986(7) x 3
Og(1) 3.04(1)x 3 o(1) 3.027(6) x 3
02) 3.110(5) x 3
CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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Fig. 1. Framework of the Si- and Al-tetrahedra in the aver-
age structure of cubic lazurite; the Na- and Ca-cations (cir-
cles) and the SO4-anions (tetrahedra) are located in the
framework cavities.

ods, we singled out two types of sulfur atoms proceed-
ing from crystallochemical considerations—sulfide
sulfur atoms are not tetrahedrally coordinated with
oxygen atoms, but are involved in the anionic environ-
ment of Na and Ca cations (Fig. 2). The differencesin
the Na/Ca ratio revealed in the comparison of our
results with the microprobe-analysis data can be
explained by their inavoidable distortionsin the consid-
eration of the modul ated structure as an average model.

Table 4. Selected distances (A) between the statistically
occupied positions

Position Distance
0(2), 0(2") 0.777(6)
S(5), S(3) 1.1(3)
S(6), S(4) 1.01(4)
S(1), S(6) 1.33(2)
S(2), S(5) 2.10(1)
(1), S(4) 2.35(3)
S(5), Ogy) 1.78(5)
S(6), Ogy) 1.36(2)
Na(1), Na(2) 0.89(2)
Na(1), Na(3) 1.05(1)
Na(2), Na(3) 1.94(2)
M, Ca 0.948(4)
M, Na(4) 1.061(6)
Ca, Na(4) 2.009(5)

CRYSTALLOGRAPHY REPORTS Vol. 47 No. 3

2002

407

L S

[ N J
° D
e [ N J
@ 3
O
[ N ) [ N J
] ] ]
PC oD o L oD
eSS
O Na
@Na,Ca
()Ca

Fig. 2. Distribution of sulfide sulfur atoms around the
intraframework cations.

Thus, we manage to solve the lazurite structure for
the first time within the sp. gr. P23, which provided
more detailed information on the mineral structure.
Using these data, next we plan to examine the modu-
lated structure with due regard for satellite reflections.
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Abstract—A new mineral of the labuntsovite group from Vuoriyarvi (North Karelia) was studied by the
method of X-ray diffraction analysis. The unit-cell parameters are a = 14.450(6) A, b = 13.910(6) A, ¢ =
7.836(4) A, B =117.42(1)°, V = 1398.1 A3, sp. gr. Cm. The symmetry, unit-cell parameters, splitting of the A
position, and ordered distribution of the cations over the B and C positions of the new mineral makesit similar
to the zinc-rich anal ogue of labuntsovite. Unlike the zinc-rich analogue, the D position in the new representative
of the labuntsovite group is dominated by Fe atoms when the position occupancy islower. In addition, the new
representative is characterized by high occupancies of the A and B positions and the ordered distribution of the
Ti and Nb atoms over two octahedral positions. In both minerals, the A position is split into two positions, with
one of the positions in both minerals being occupied by Na and the other position being occupied by K in the
new mineral and Sr in the Zn-analogue. © 2002 MAIK “ Nauka/Interperiodica” .

In recent years, the minerals of the labuntsovite
group have attracted interest because of their ion- *
exchange properties. We performed X-ray diffraction
analysis on a single crystal of a new representative of
this group discovered in hydrothermal paragenesis
from theVuoriyarvi carbonatite massif (North Karelia).
The mineral was found in atest core of a prospecting
borehole in the form of 3 mm-long brown prismatic
crystals. R

The chemical composition of the mineral was deter- ) A
mined by local X-ray spectral analysis (averaging over g B’

S| S

S HO

six points). The empirical formula (with respectto 16 S
atoms), K, 5 4 sNay 4 »7Bag 7_09F€g 605 ME.4-07Mng 15 -
(T146_48Nb32_35)[514012]4 - nHzo, I’eﬂ eCtS the pha%
inhomogeneity.

The observed doubled unit-cell parameter c is ) Y
indicative of lemmleinite-type twinning. To convert
the experimental unit cell to a true monoclinic unit
cell, we used the matrix [100/010/000.5] + e Na® K O H,0 (BK, H,0(p Ba, H,0
[100/010/-0.50-0.5] used elsewhere [1]. The
refined weight coefficients of the twin components are

Q

N
71
>l

0.53 and 0.47.
: T oo Fig. 1. Crystal structure of the mineral projected onto the
Assumi ng the .Strucwral similarity of th.e new min (001) plane. Fe-octahedra are hatched. Circles of different
eral and the zinc-rich anal ogue of labuntsovite, we used types represent |arge cations and water molecules. The key
the atomic coordinate of the latter [2] as the starting positions are indicated by letters A, B, C, and D.
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Table 1. Main characteristics of the mineral and details of the X-ray diffraction experiment

409

Characteristic Dataand conditions Characteristic Data and conditions
Parameters of the double a=14.450(6) |Crysta dimensions, mm 0.15x0.2x0.35
unit cell, A, deg b=13910(6) |Diffractometer SYNTEX P2,
c=15.672(4) Ranges of the indices of -16<h<14
B = 117.420(5) measured reflections _14<k<15
Parameters of monaoclinic a = 14.450(6) 0<I<18
unit cell, A, deg b=13910(6) |Maximum sin6/A 0.58
c=7.836(4) Total number of reflections 1738
3=117.420(5) |Number of independent reflections 1523 F > 40(F)
Unit-cell volume, A3 V =1398.1 R factor upon anisotropic refinement 0.066
Sp.or.; Z Cm; 1 Program used for refinement AREN [3]
Radiation, A; A CuK,; 1.5418  [Program used for introduction DIFABS[4]
of absorption correction
Density (calc.), g/cm?® 2.76

Table 2. Atomic coordinates, multiplicities (Q), occupancies (q), and equivalent thermal parameters of the atoms

Position xla y/b zlc Q q Begy A2
Ti(1) ~0.0002(1) 0.2273(1) 0.5002(1) 4 1 2.82(6)
Ti(2) 0.2518(3) 0.2516(2) 0.4943(6) 4 1 2.86(5)
Si(1) 0.2104(3) 0.1097(3) 0.7970(5) 4 1 2.3(1)
Si(2) 0.7955(3) 0.1096(2) 0.1918(4) 4 1 1.7(1)
S(3) 0.3250(3) 0.1102(4) 0.2445(6) 4 1 2.9(2)
Si(4) 0.6843(2) 0.1104(2) 0.7492(4) 4 1 1.2(2)
Fe 0.0091(9) 0 0.513(2) 2 0.55(1) 2.9(2)
Na 0.917(1) 0.232(1) 0.006(3) 4 0.60(2) 5.5(2)
K(2) 0.5807(6) 0 0.292(1) 2 0.70(1) 7.4(1)
K(2) 0.498(1) 0.178(1) ~0.002(2) 4 0.40(1) 6.5(1)
K(3) 0.421(1) 0 0.713(2) 2 0.79(3) 8.9(2)
c(1) 0.0812(7) 0 0.322(1) 2 0.90(1) 3.4(2)
c) 0.9075(4) 0 0.6491(7) 2 0.81(1) 4.0(2)
o(1) 0.241(1) 0.1354(9) 0.035(2) 4 1 3.7(4)
o) 0.7698(5) 0.1229(7) 0.981(1) 4 1 2.1(3)
o@3) 0.2763(8) 0.1771(6) 0.737(2) 4 1 2.1(3)
0(4) 0.7285(8) 0.1884(9) 0.269(1) 4 1 2.8(3)
o) 0.102(1) 0.224(1) 0.380(1) 4 1 2.9(3)
o(6) 0.9024(9) 0.2278(9) 0.600(2) 4 1 3.3(4)
o) 0.2452(9) 0 0.790(2) 2 1 2.8(5)
o) 0.758(1) 0 0.221(1) 2 1 3.2(4)
0(9) 0.4174(8) 0.176(1) 0.310(2) 4 1 4.3(4)
0(10) 0.5789(7) 0.1806(6) 0.694(1) 4 1 1.6(3)
o(11) 0.272(1) 0.133(1) 0.388(1) 4 1 3.8(4)
0(12) 0.7427(6) 0.1231(7) 0.622(1) 4 1 17(3)
0(13) 0.369(1) 0 0.275(2) 2 1 3.0(4)
0(14) 0.643(1) 0 0.723(2) 2 1 2.1(4)
o(15) 0.0881(6) 0.1267(9) 0.681(1) 4 1 2.8(4)
O(16) 0.9206(7) 0.1151(6) 0.335(1) 4 1 1.6(3)
H,0(2) 0.008(3) 0.123(2) 0.015(3) 4 0.73(2) 7.5(2)

Note: Ti(1) = Tig7Nbg 3; Ti(2) = TigsNbg 5; Fe = Feg Mg 4; K(3) = Ko 5(H30)g57 C(2) = (H20)0.6K0.41 C(2) = (H20)0.7Bg 3-
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Table 3. Characteristics of the coordination polyhedra

ROZENBERG et al.

Position Composition COSL?L%?: on — Cation—anioh distances, A
minimum maximum average

Si(1) 45 4 1.55(1) 1.74(2) 1.62
Si(2) 45 4 1.53(1) 1.74(1) 1.64
Si(3) 45 4 1.50(1) 1.65(1) 1.59
Si(4) 45 4 1.58(1) 1.68(1) 1.64
Ti(1) 2.8Ti + 1.2Nb 6 1.90(1) 2.08(1) 197
Ti(2) 2Ti + 2Nb 6 1.84(1) 2.04(1) 1.96
Fe 0.66Fe + 0.44Mg 6 2.12(1) 2.18(1) 2.16
C 0.72K + 1.1H,0 11 2.86(1) 3.18(1) 3.04
C(2 0.48Ba+ 1.1H,0 11 2.74(2) 3.31(1) 3.06
K(1) 1.4K 9 2.86(2) 3.44(1) 3.20
K(2) 1.6K 7 2.77(2) 3.15(1) 3.00
K(3) 0.79K + 0.79H;0 9 2.86(2) 3.43(2) 3.19
Na 2.4Na 8 1.97(3) 3.08(1) 2.68

model. The structure was refined using mixed atomic
scattering curves. Therelatively high R factor isassoci-
ated with the poor quality of the X-diffraction data col-
lected from the twinned crystal.

The main characteristics of the crystal and the
details of the X-ray diffraction experiment are givenin
Table 1. The atomic coordinates are listed in Table 2.
The elemental compositions of the atomic positions
and the interatomic distances are indicated in Table 3.

The mixed framework, consisting of octahedral
chains of Ti-octahedra along the a-axis and the four-
membered rings of the SiO,-tetrahedra (Fig. 1) is com-
mon to all the minerals of the labuntsovite group. Inthe
mineral under study, the channels parallel to the coordi-
nate axes are occupied by Na, K, and Ba atoms, H;O*
ions, and water molecules. The crystallochemical for-
mula of the mineral (Z = 1) can be written as [Na, ,K, ] -
[K2(H30)081{ [Ko.72Bag 431 [Feg 6Mgo 44(H,0)251}
[Tiy gNbs, - (OHs,0,73}1[S1,04,]4 - 2.92H,0, where

U

D-

Fig. 2. Crystal structure of the mineral projected onto the
(100) plane. Notation asin Fig. 1.

CRYSTALLOGRAPHY REPORTS Vol. 47

the compositions of thekey A, B, C, and D(H,0), posi-
tions in the structure channels are indicated in the first
four pairs of square brackets, respectively. The cations
with high values of force characteristics (Fe and Mg)
occupy the sites of the D position where the chains
approach each other at the shortest distances. In this
case, their polyhedraare built up to octahedra with two
additional water molecules.

In the new minera, like its Zn-analogue [2], the A
position is split into two positions separated by a spac-
ing of 1.73 A. These two positions are statistically
occupied by the Na and K(2) atoms, respectively
(Fig. 2). TheK(2) atom islocated in the position occu-
pied by an H,O(1) molecule in conventional labuntso-
vites. This position is shifted toward Na (like the Sr
position in the Zn-analogue). The somewhat shortened
Na-H,O(2) distance (1.97 A) is explained by incom-
plete occupancies of both cationic and water-molecule
positions.

The B position is occupied by K atoms and H;O*
ions distributed over two subpositions, B= K(1) and
mixed B' = K(3). A similar filling of the B position is
also observed in the analogous noncentrosymmetric
Zn-dominant representative of the labuntsovite group,
where one position is that of H;O" and the second posi-
tionismixed (K, H30%). The incorporation of oxonium
ionsinto the mineral structure is confirmed by the pres-
ence of aweak band (v) at 1715 cmr! in the IR spec-
trum. According to the IR spectral data [5], the fre-
guency of the (Ti,Nb) stretching vibration is 683 cm!,
which correspondsto ardatively high occupancy of the
D position (1.2 (Fe, Mg, Mn) atoms per unit cell). The
new mineral ischaracterized by the ordered distribution
of Ti and Nb atoms over two octahedral positions (one
position isoccupied mainly by Ti atoms, and the second
position, by equal amounts of Ti and Nb atoms) and by
selective K and Ba distribution over two C positions.
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Thus, the symmetry, unit-cell parameters, splitting
of the A position, and the ordered distribution of the cat-
ions over the B and C positions of the new mineral are
similar to those of the zinc-rich analogue of labuntso-
vite. However, unlike the zinc-rich analogue, the D
position in the new minera is dominated by Fe atoms
when its occupancy is lower. At the same time, the A
and B positions in the new mineral have high occupan-
cies, whereas Ti and Nb atoms are orderly distributed
over two octahedral positions.
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Abstract—The crystal structure of natural titanium-containing ludwigite has been refined. The unit-cell param-
etersarea=9.260+ 0.002 A, b=12.294 + 0.002 A, c=3.0236 + 0.0005 A, sp. gr. Pbam, and R = 0.0288. The
observed cation distribution over the M1-M4 positions corresponds to the structural formula
(Mg 5)(Me; 0)(Meo 335 F€6,162)(Fe.a7 Tio 21 Mo, 154l 10 F007)(BO5)O,. Highly charged titanium ions in the
M4 position are balanced mainly with magnesium and not with divalent iron ions. © 2002 MAIK “ Nauka/Inter-

periodica” .

The crystal structure and properties of the minerals
of the ludwigite (Mg,Fe?")(Fe**,Al,Sn*) - (BO;)O,—
vonsenite Fe”*Fe**B0O;0, series have been rather well
studied [1-5]. The unit cell of the ludwigite structure
represented in polyhedra is shown in the figure. The
unit-cell parametersarea~9.2-9.4A b~ 12.2-12.4A,
and ¢ ~ 3.1 A, sp. gr. Pbam. The M1-M4 octahedra
share horizontal edges and form columns along the
short c-axis and in a direction forming a certain angle
with the a-axis. The BO; triangles “fastening” the
structure are located in trigonal channels formed by
octahedra. X-ray analysis [3, 5] and Mossbauer spec-
troscopy [4] showed that highly charged Fe** and Al3*
cations are located in the M4 position; in isomorphous
replacement of Mg atoms and Fe** cations, the latter
cations mainly occupy the M3 cationic position. The
Fe** cations start occupying (statistically) the M1- and
M2-octahedra only if the ferruginosity of the ludwigite
f exceeds 25% (f = FeO/(MgO + FeO), mol %). The
M 6sshauer spectroscopy data [4] unambiguously indi-
cate that the degree of covalence of the Fe?*~O bond in
the M3-actahedron is higher than in the M1 and M2
positions, which is explained by their different environ-
ments: the atoms in the M1 and M2 positions are sur-
rounded by four oxygen atoms forming the BO;-trian-
gle, whereas the atoms in the M3 position are sur-
rounded by two oxygens (as in the M4 position). This
study was undertaken following the discovery of lud-
wigites with a high TiO, content—from 7.3 to
15.4 wt % (asoproite)—in the Tazheran alkali massif
[6]. We studied the cation distribution in the structure of

ludwigite containing 8.82 wt % of TiO, found in this
deposit. The chemical composition of ludwigite crys-
tals kindly supplied by A.A. Kashaev was determined
by V.A. Makhotko on a JXA 50A electron microana-
lyzer. The analysis of several crystals confirmed the
chemical composition indicated earlier [6]. The degree
of crystal homogeneity can be judged from the data on
two analyzed crystals (Table 1). The average composi-
tion corresponds to the formula

2+ 3 2 .
(Mg, 97 F€q03 )(F€y 50 F€0 22 Tig 21 Al 19)(BO3)O,.

Table 1. Composition of ludwigite (wt %) determined from the
microanalysis (JXA 50A) and chemica anaysis (x/a) data[6]

x/a,
Method | JXA 50A | JXA 50A Wt % [6]
. Average

Oxide 1 2 value

MgO 40.46 41.61 41.04 37.39
TiO, 8.78 8.86 8.82 7.35
Al,Oq 2.52 2.50 251 1.30
FeO 28.25 27.00 9.35* 10.80
Fe,0O4 - - 20.78* 23.18
B,O; - - 17.50** 18.28

* |n accordance with x/a [6]; the Fe>*/Fe?* ratio was taken to be
equal to 2.
** The B,03 content was estimated as the difference between 100%
and thetotal content of all the other oxides determined on aJXA
50A microanalyzer.

1063-7745/02/4703-0412%$22.00 © 2002 MAIK “Nauka/ Interperiodica’



Table 2. Coordinates, thermal factors, and multiplicities (N)

CATION DISTRIBUTION IN THE STRUCTURE

of basic atomsin the ludwigite structure

Atoms| N xla y/b zlc | U(eg)*
M1 2 |0 0 0.5 [0.62(2)
M2 4 10.0012(7) |0.28057(5)| 0.5 |0.57(1)
M3 2 105 0 0 0.41(1)
M4 4 10.23823(4) [ 0.115403) | 0  [0.676(9)
B 4 10.2746(2) | 0.3602(2) 0 0.59(4)
o1 4 10.3499(1) |0.4571(1) 0 0.65(3)
02 4 10.1095(2) |0.1429(1) | 0.5 [0.84(3)
03 4 10.1244(2) | 0.3581(1) 0 0.72(3)
04 4 10.3838(1) |0.0762(1) 0.5 [0.95(3)
05 4 10.3497(1) [0.2624(1) | 0 [0.69(3)

* The values of anisotropic thermal factors can be obtained from
the authors.

X-ray diffraction analysis was performed on a
~0.15 x 0.15 x 0.2-mm crystal; the data obtained were
briefly presented in [7]. Experimental data were
obtained for 880 crystallographically independent non-
zero reflections measured on a Syntex P2, automated
diffractometer. The unit-cell parametersarea=9.260 +
0.002 A, b=12.294 + 0.002 A, ¢ = 3.0236 + 0.0005 A,
sp. gr. Pbam.

The initial parameters taken from [7] were refined
using the CSD complex of programs [8]. The occu-
pancy Q of the M1-M4 positions was refined by a set of
reflections with sin6/A < 0.5. For the M1-M3 positions,
the function f(sin6/A) corresponding to Mg* was
used; for the M4 position, the function corresponding to
Fe?* (taken from [9]). After the introduction of the cor-
rection for absorption for acrystal of an arbitrary shape
by the DIFABS program [10] and the refinement of the
positional and thermal parameters over the whole set of
reflections with F(hkl) > 40, the reliability factor Rin

Table 3. Interatomic distances (d, A) in natural ludwigites

413

the anisotropic approximation was 0.0288. The final
values of the positional parameters of the basic atoms
are given in Table 2, and the interatomic distances are
listed in Table 3. The position occupancies proved to be
equal: Q(M1) = 1.003(5), Q(M2) = 0.999(5), Q(M3) =
1.453(7), and Q(M4) = 0801(3).

The occupancies given above unambiguously indi-
cate that Mg?* cations are located in the M1 and M2
positions. Considering the cation distribution over the
M3 and M4 positions, we assumed that the cationic
M1-M4 positions are fully occupied; according to [3],
the AI®* cations are located in the M4 position. The Ti*
cations were also placed in M4, because their valence
and ionic radius were closer to Fe** than to Mg?* and
Fe**; theratio Fe**/Fe?* = 2[6], and the number of elec-
trons for Fe** (Z_z) and Fe** (Z, ) was assumed to

be 24.
The content of iron cations (CFe2+) in the M3 po-

sition was calculated by the obvious formula [11]
CFe2+ (M3) - [Q( M 3) ZMg2+_ ZMgz+ ]/[ ZFez+— ZMg2+] =
[1.453 x 10-10]/[24-10]1=0.324; i.e., the M3 positionis
occupied by 32.4% of Fe** cations and by 67.6% of
Mg?* cations. The content of Fe?*, Fe**, and Mg?* cat-
ions in the M4 position was estimated in a similar way
with due regard for the Ti+* and AI®* content. Findly, the

cation distribution over the structure positions corre-
sponds to the structural formula (Mg, 5)(Mg, o) -

(Mg 338 Fe§.162)( I:‘33.47 Ti 321 M gg.lSAI 3.10 Fe§.07)(BO3)02,
which almost coincides with the chemical com-
position calculated by the electron microprobe analy-
sis data (Table 1) and is close to the formula deter-
mined from the Mdssbauer spectroscopy data,

([Mlzg]ﬁsz Fecis)( Feg:uaTi 3.21A| gjo Fec2).+11Mg0. 15)1.03(BO3)O,
Ascan be seen, highly charged titanium atomsin the
M4 position are balanced mainly by magnesium and

Bond d Bond d

our data data[5] our data data[5]
M1-01(x4) 2.120(2) 2.118(2) M3-03(x2) 2.091(3) 2.100(3)
M1-02(x2) 2.029(3) 2.021(3) M3-04(x4) 2.078(2) 2.081(2)
Average value M1-O 2.090 2.086 Average value M3-O 2.082 2.087
M2-02(x1) 1.967(3) 1.957(3) M4-01(x1) 2.111(3) 2.113(3)
M2-03(x2) 2.120(2) 2.119(2) M4-02(x2) 1.955(2) 1.964(2)
M2-04(x 1) 2.069(3) 2.070(3) M4—04(x2) 2.082(2) 2.066(2)
M2-05(x2) 2.129(2) 2.125(2) M4-05(x 1) 2.082(3) 2.093(3)
Average value M2-O 2.089 2.086 Average value M4-O 2.048 2.044
B-O1 1.381(4) 1.379(3) B-O3 1.392(3) 1.377(3)
B-O5 1.388(4) 1.390(2) Average value B-O 1.387 1.382
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not divalent iron ions, which is promoted by the dimen-
sional factor. At the average distance M4-O = 2.048 A
(Table 3) and with the Mg?* and Fe?* radii equal to 0.74
and 0.80 A, respectively [13], the location of the Mg?*
cation in the M4 position is preferable.

In ludwigite from Krestmore described by the formula

(Mgo405 Fe(?.?)os)(Mgow FeéBO(MgOM3 Fet?.J;s?)(FeS;zAl gI)s) .
(BO3)0, [5] with astructurerefined up to R=0.028, the
interatomic distances M3-O (Table 3) exceed the dis-
tances in the structure studied here. It is explained by a
higher content of larger Fe** cations (56% of Fe** and
44% of Mg?*) in this position than in ludwigite (32% of
Fe** and 68% of Mg?). The M1-O and M2-O dis-
tances in both structures are equal within the experi-
mental error (£30), whereas the average M4-O dis-
tancesin this position correlate with the average cation
radii calculated by data[13] and are equal to 0.662 and
0.673 A for cationsin ludwigite structures from Krest-
more and Tazheran massif, respectively.

CRYSTALLOGRAPHY REPORTS Vol. 47

BROVKIN et al.

ACKNOWLEDGMENTS

Theauthorsaregrateful toA.A. Kashaev for supply-
ing the sample of titanium-containing ludwigite and to
V.V. Korovushkin for the Mossbauer spectroscopy
measurements made on the sample of ludwigite from
Tazheran massif.

REFERENCES

1. Y. Takeuchi, T. Watanabe, and T. Ito, ActaCrystallogr. 3,
98 (1950).

2. A.A.Brovkin, S. M. Aleksandrov, and I. Ya. Nekrasov,
Rentgenogr. Miner. Syr'ya, No. 3, 16 (1963).

3. V. I. Mokeeva and S. M. Aleksandrov, Geokhimiya,
No. 4, 428 (1969).

4. V. V. Kurash, V. S. Urusov, T. V. Maysheva, and
S. M. Aleksandrov, Geokhimiya, No. 2, 148 (1972).

5. M. B. Irwin and R. C. Peterson, Can. Mineral. 37, 939
(1999).
6. A. A. Konev, V. S. Lebedeva, A. A. Kashaev, and

Z.F. Ushchapovskaya, Zap. Vses. Minerd. O-va,
No. 2, 225 (1970).

7. A.A. Brovkin and I. V. Rozhdestvenskaya, in Proceed-
ings of the 11 All-Union Conference on Crystal Chemis-
try of Inorganic and Coordination Compounds (Novosi-
birsk, 1983), p. 105.

8. L.G. Aksdrud, Yu. N. Grin, P.Yu. Zavdlii, et al., in Col-
lected Abstracts of the XII European Crystallography
Meeting (Moscow, 1989), no. 3, p. 155.

9. International Tablesfor X-ray Crystallography (Kynoch
Press, Birmingham, 1974), Vol. 4.

10. N. Wolker and D. Stuart, Acta Crystallogr., Sect. A:
Found. Crystallogr. 39, 158 (1983).

11. A.A. Brovkin, E. V. Pol’shin, V. S. Brovkina, et al., Kri-
stallografiya 23 (1), 107 (1978) [Sov. Phys. Crystallogr.
23, 57 (1978)].

12. V. V. Korovushkin, A. A. Brovkin, E. A. Rykova, et al.,
in Proceedings of the 11 National Conference on Crystal
Chemistry (Chernogolovka, 2000), p. 84.

13. G. B. Bokii, Crystal Chemistry (Nauka, Moscow, 1971).

Trandated by T. Dmitrieva

No. 3 2002



Crystallography Reports, Vol. 47, No. 3, 2002, pp. 415-419. Trandlated from Kristallografiya, Vol. 47, No. 3, 2002, pp. 460-464.

Original Russian Text Copyright © 2002 by Aleshina, Loginova.

STRUCTURES OF INORGANIC

COMPOUNDS
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Abstract—The structure of low-temperature 3-Ta,O5 oxide has been studied by the method of Rietveld full-pro-
file analysis. It is established that this oxide has an orthorhombic structure with lattice parameters a = 6.217 A,
b=3.677 A, and c = 7.794 A. The atomic coordinates and thermal parameters are also determined. © 2002

MAIK “ Nauka/Interperiodica” .

It is well known that transition metal oxides are
widely applied in electronics, metallurgy, and optics. In
particular, tantalum oxides are used in optoel ectronics
as optical media and dielectrics performing various
important functions [1]. The low-temperature [3-phase
of Ta,05 has low electron conductivity and is atypical
dielectric. At the same time, the nature of the electronic
states and atomic interactions responsible for their for-
mation are studied insufficiently. For a better under-
standing of the electronic properties of tantalum oxide
and more efficient use of these properties, one has to
know in detail its atomic structure[2].

Unfortunately, the known data on the structure of
low-temperature [3-Ta,O; oxide are contradictory.

Thus, the model of this oxide suggested in [3] is
based on the hexagonal UO; structure type and is rep-
resented as a subtraction-type structure to preserve the
stoichiometric composition. The hexagonal unit cell of
tantalum oxide with one Ta atom has the lattice param-

etersa=3.66A andc=3.89 A, sp. gr. P3mL Thetan-
talum atom occupies the 1(a) position (0 0 0), whereas
the oxygen atoms are located in the 1(b) position

10 L.ooL2 . _
8) 0 3] and 2(d) position 05 3 % with z = 0.17. In
order to obtain the composition MO, s, the distribution
of oxygen vacancies was assumed to be random for the
atoms in the 2(d) position. However, according to [4],
the X-ray diffraction pattern of the low-temperature
tantalum oxide has a number of superstructural reflec-
tions, which indicates that this phase is orthorhombic
with the unit-cell parametersa = 6.18 A, b = 3.66 A,
and ¢ = 3.88 A. Figuresla and 1b show the relation
between the two unit cells. In the orthorhombic unit cell,
the tantalum atoms have the coordinates 1(a) (0 0 0) and

1(e) % % da the oxygen atoms have the coordinates

10 o 12% 1(h) % % 12%, 2(m) % 0 0.8 and 2(n)

E% % 0'17% sp. gr. P2/m. The Ta,O5 composition is

attained due to the formation of oxygen vacancies,
with the main motif of the packing of oxygen and
metal ions being preserved. These vacancies are ran-
domly distributed over thelattice positionswith z, = 0.17
and z, = 0.83.

The similarity of the X-ray diffraction patternsfrom
B-Ta,05 and U;0; alowed one to relate the tantalum
oxide structure to the U;0q structure type with vacan-
cies in the oxygen positions [5]. The oxides belonging
to the U;04 structure type are trigonal with the unit-cell

parametersa=6.2 A, andc=3.9A, sp. gr. P3. Thetan-
talum atoms occupy the positions 1(a) (0 0 0) and 2(d)

% % % where z= 0. The positions occupied by the oxy-

gen atomsare 6(g) (X, y, z,), wherex = % y=0,7 =01,

and 2(d) %‘ % Zz%, where z, = %.The relation between
the UO; and U;0q4 unit cellsis shown in Fig. 1c. In the
transition from the UO; model to the U;04 model, the
positions of the tantalum and oxygen atoms remain
unchanged. The only difference between the atomic
arrangementsin these structuresisthat the U;O4 has no

oxygen atoms with the coordinates %) 0 12% present in

the UO; structure. Moreover, the coordinate z for the
oxygen atoms occupying the 6(g) position in the U504
model is z = 0.1, whereas in the unit cell of the UO,
type, this coordinateisz=0.17.

1063-7745/02/4703-0415%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Tantalum, z= 0 and
oxygen, z=1/2

OOxygen, z=0.17

@ 0xygen, z=0.83

e Tantalum, z=0

Tantalum, z= 0 and

© oxygen, z=1/2

0 Oxygen, z=0.1

2 Oxygen, z=0.9

e Tantalum, z=0.015
o Tantalum, z=0.485
OOxygen,z=0and z=1/2

@0Oxygen, z=1/4 and z=3/4

Tantalum, z=0,z=1/2
oxygen, z=1/4 and z=3/4

0 Oxygen, z=0
@®Oxygen, z=0,z=1/2

@ Oxygen, z=1/2

Fig. 1. (a) Spatial arrangement of atomsin the orthorhombic (solid line) and the hexagonal (dashed line) unit cells of B-Ta,05 oxide
and (b) the same arrangements projected onto the ab plane. The projections onto the ab plane of (c) the U;Og-type unit cell, (d) the
unit cell considered in [6], and (€) the new unit cell (the dashed line shows the hexagonal unit cell).

According to themodel suggestedin [6], inthecrys-
tallized amorphous anodic oxide B-Ta,0s, tantalum

atoms are slightly displaced from the positions charac-
teristic of all the other above models. As a result, the
unit-cell parameter along the z-axis is doubled. The

atomic coordinates given for Tain [6] are (a, B, V), E}
-B. %—VE (0, =B, y), and (-, +B, -y), where a =

0.04, =003, and y = 0015; and for O [ 3 ¢,
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Figure 1d showsthe unit cell of thismodel projected
onto the ab plane. The motif of the arrangement of oxy-
gen atoms in comparison with their arrangement in the
orthorhombic unit cell with c = 3.88 A ischanged in the
following way. The oxygen atoms with the coordinates

1,08,
50550
2015 Do

x=1andx=g

3 3 in model [6] are displaced along the
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x-axis in such a way that their coordinates become

equal to x = i and X = g respectively. The oxygen

- : il ®1
atoms with the coordinates % 5 0.17% and % 5 0.8%

in model [6] are displaced for a trandation along the
: . . 1
unit-cell edge into the position %) 5 da so that the

Ta,05 composition is attained without vacancy forma-
tion.

Figure 1 shows that the motifs of the atomic
arrangements in various models suggested to describe
B-Ta,05 are mutually related. In the transition from the
UO; modé to the U;04 one, the positions of both tan-
talum and oxygen atoms remain unchanged. The differ-
ences between these structures reduce to the absence of

an oxygen atom with the coordinates B) 0 % and dif-

ferent values of the coordinate zfor oxygen atomsinthe
positions 6(g) in the U;O4 model in comparison with
this coordinate in the UO; model. The model suggested
in [6] has different motifs of oxygen and tantalum dis-
tribution because of the considerable displacements of
oxygen atoms necessary for the attainment of the sto-
ichiometry. Tantalum atoms are displaced with respect
to one another only insignificantly.

Thus, there is no unigue opinion on the distribution
of atoms in the lattice of the low-temperature (3-Ta,O5
oxide. It should be indicated that models [3-5] were
suggested based on the similarity of the corresponding
X-ray diffraction patterns, whereas the atomic coordi-
nates were determined only in [6]. However, the inter-
atomic distances cal culated from the coordinates deter-
mined in [6] show that the distances between the tanta-
lum atoms in the position (a, B, y) and the oxygen

atoms in the position %‘ 0 CH are as short as 1.31 A,

i.e., are considerably less than the sum of the atomic
radii of tantalum and oxygen. Thus, data [6] cannot be
recognized as reliable either.

Below, we refine the atomic coordinates in the
B-Ta,05 oxide by the method of Rietveld full-profile
analysis (the Rietveld method) of powder diffraction
patterns.

We studied the crystalline -Ta,Os powder. The
X-ray diffraction patterns were obtained on an auto-
mated DRON-3.0 diffractometer (MoK, radiation). The
crystals-monochromators prepared from pyrolytic
graphite were placed in both incident and reflected
beams. The diffraction patterns were recorded in the
automatic mode in the reflection geometry as a com-
puter file. The X-ray diffraction pattern was scanned
within the angular range 5°-70° at a step of 0.025° in
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Table 1. Reliability factors obtained upon the refinement of
four structure models

Model
Reliability factor
1 2 3 4
R}, % 1521 | 14.78 | 2095 | 13.23
Riw » % 20.10 | 1950 | 27.18 | 16.47
Ri™ , % 6.29 | 10.93 8.66 7.75
Ri>™, % 1354 | 1931 | 1672 | 13.88

* The simple profile reliability factor.
** The weighted profile reliability factor.
***The Bragg reliability factor calculated by the moduli of
structure factors.
**** The Bragg reliability factor calculated from the values of
structure factors.

Table 2. Refined atomic coordinates and thermal parame-
tersfor model 4

Atom Atomic coordinates par-le—xrr%eétrgraj(B)
2(a) Tal (000) 0.36(1)
2(b) Ta2 (0.5,05,0) 0.33(2)
2(c) 01 (0,0.5,0) 0.43(7)
4(qg) 02 (0.319(5)*, —0.002(5), 0) 0.39(8)
2(e) O3 (0, 0,0.25) 0.48(6)
2(h) 04 (0.5,0.5,0.25) 0.49(3)

* The figure in parentheses is within the experimental error.

the vicinity of the maxima, and at a step of 0.1° in the
background region.

The structure of the oxide was analyzed by the
Rietveld method; the structure parameters were refined
using the program suggested elsewhere [7].

The refinement of the profile parameters of the dif-
fraction patterns showed that the background is best
approximated by asixth-order polynomial, whereasthe
profile of the X-ray diffraction pattern is best described
by the Pearson function [7]. Therefined datawere eval-
uated from the values of the Bragg, simple, and
weighted profile reliability factors.

In model 1 based on the hexagonal UO5-type unit cell
with the occupancy g of the oxygen positions, theinitia
g value for oxygen atoms in the 2(d) position was
assumed to be 0.75; for oxygen atoms in the positions
1(b), it was assumed to be 1.0. Within this model, we
refined the unit-cell parameters, the occupancies of the
oxygen positions, and the coordinates z of oxygen atoms
in the 2(d) positions. As aresult, the occupancy for oxy-
gen atomsin the 2(d) positions reduced to g = 0.69. The
refinement of the coordinate z= 0.17 of oxygen atomsin
the positions 2(d) yielded z= 0.12. The refined values of
theunit-cell parametersarea=3.594 A andc = 3.887 A.
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Fig. 2. Comparison of the experimental and theoretically calculated diffraction patternsin the angular ranges (a) 8°-20° and (b) 23°—46°.

The temperature factor B for tantalum atoms equals
0.156. For oxygen atomsin the positions 2(d) and 1(b),
we obtained B = 0.472 and 0.466, respectively. The
comparison of the experimental diffraction pattern with
the diffraction pattern calculated by the refined struc-
ture parameters showed quite good agreement in the
range of the main reflections. However, some weak
reflections recorded on the experimental pattern were
absent on the calculated one.

Model 2 suggested in [4] takes into account the
additional weak reflections of the experimental diffrac-
tion pattern and is a vacancy-type model. The initial
occupancies of the positions of oxygen atoms with the
i1
(6 2
unit-cell parametersarea = 6.225A, b=3.678 A, and
¢ = 3.896 A. The occupancies of the oxygen positions
2(n) upon the refinement are g = 0.231. The refined
value of the z coordinate for oxygen atoms with the

coordinates 2(n) 0.17% are g = 0.5. The refined

i 1 ) _ )
coordinates % 5 % is z = 0.12. Such a dramatic

decrease in the occupancy of oxygen positions results

in nonstoichiometry, so that the composition cannot be
described as TaO, 5 any more.

When considering model 3 based on the U;04-type
trigonal unit cell for oxygen atomsin the positions 2(d),
theinitial occupancy was assumed to be equal to unity,
while the occupancy of the positions 6(g) was assumed
tobeq=0.92. Therefinement of the unit-cell parameters
yielded a=b = 6.210 A and ¢ = 3.892 A. The refined
occupancy of oxygen positions 6(g) is q = 0.915. Thus,
this model corresponds to the stoichiometry, TaO, 5.

Using the coordinates of tantalum and oxygen
atoms given in [6], we failed to determine the space
group uniquely, although the oxygen subsystem was
well described by the sp. gr. Pccm. The atomic dis-
placements according to the law suggested in [6] did
not allow us to describe the positions of Ta atoms
within this space group. Assuming that the tantalum

atoms have the coordinates (0 0 0), % % da %) 0 %

and % % %H we arrive at the sp. gr. Pccm for the
B-Ta,05 oxide, where oxygen atoms occupied the

positions 2(c) % 05, 4(@) (xy 0),2(e) (90 Zlg and

CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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2(h) % % %‘B (Fig. 16). Thus, instead of the Ta coordi-

nates suggested in model 4, we parametrically set the
coordinates of the oxygen atoms in the positions 4(q).
The initial values of these coordinates were taken to

be the coordinates given in [6], namely, x = %1 —aand

y = —PB. Therefined coordinates arex = 0.319 and y =
—0.002. In this case, the distance between the tantalum
atom with the coordinate (0 0 0) (instead of (a, 3, V))
and the oxygen atom with the coordinates
(0.319, —0.002, 0) becomes equal to 1.98 A.

The values of the profile and structural reliability
factors obtained upon the refinement of al the four
structure models are listed in Table 1. Their analysis
shows that models 1 and 4 adequately describe the
structure of the low-temperature (3-Ta,O5 oxide. How-
ever, model 4 issomewhat more advantageous, because
the lower value of the Bragg reliability factor (6.29%)
for model 1 was obtained because the refinement was
performed only by intense diffraction lines.

The reliability and the quality of indexing of X-ray
diffraction patterns was estimated by the criterion sug-
gested elsewhere [8],

M Sn° 9,
"~ ENy

where sin’3,, is the value for the 20th line on the dif-

fraction pattern, € isthe average error in sin?0, and N,
is the number of theoretically possible diffraction lines
including the twentieth one. According to data[8], the
interpretation of the resultsis recognized to be satisfac-
tory only if the values of the reliability criterion M
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exceed 10. In our study, the value of M for model 4 was
equal to 23.

Figure 2 illustrates the rather good fit of the experi-
mental and theoretically calculated curves for model 4
(with respect to the intensities and positions of the
reflections in the ranges of the intense and the weak
reflections). The refined atomic coordinates and ther-
mal parameters arelisted in Table 2.

Thus, the results obtained show that the low-tem-
perature 3-Ta,0; oxide is uniquely described by the sp.
gr. Pccm and has the unit-cell parameters a = 6.217 A,
b=3.677A,andc=7.794 A.
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Abstract—The crystal structures of mixed coordination compounds, Cu(2)Gly(D-Ser)(L-Ser), (1) and
Cu(2)Gly;(L-Ser) (11), which contain the amino acid residues of glycine (Gly) and serine (Ser) inthe 1 : 3 and
3: 1ratio, respectively, are studied by electron diffraction. Crystals| and 11 aretriclinic, Z= 1, and space group
P1.Forl,a=8.96(2) A, b=966(2) A, c=5.07(2) A, a=p=90° andy=92.83)°. Forll,a=837(2) A, b=
9.65(2) A, c=5.06(2) A, o = B =90°, and y = 92.8(3)°. Compounds | and |1 have layered structures that are
based on the CuGly(L-Ser) fragment. Structures | and |1 differ mainly in their interlayer spacing and configu-
ration of the interlayer space. © 2002 MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

In the crystal structures of mixed copper(ll) com-
poundswith glycine and serine, which we studied earlier
in[1, 2], the Gly : Ser ratio was 1 : 1. The mixed com-
pounds Cu(2)Gly(D-Ser)(L-Ser), and Cu(2)Gly,(L-Ser)
differ from the above compounds in composition: the
Gly: Serratiosare 1 : 3 and 3 : 1, respectively. The
structures of mixed-ligand metal complexes with dif-
ferent a-amino acids involved in the 1 : 1 ratio have
been reported in the literature, whereas structural data
on mixed compounds containing two different a-amino
acidsin the 1 : 3 ratio are unavailable. In this respect,
our interest in the synthesis, crystal chemistry, and bio-
logical activity of these compoundsis quite understand-
able.

The crystal structures of both compounds were
determined by the electron diffraction technique using
sets of reflections reveadled in the electron diffraction
patterns of the slanting textures. Thelocal intensities of
reflections [the 311 and 317 reflections for
Cu(2)Gly(D-Ser)(L-Ser), and  Cu(2)Glys(L-Ser),
respectively] were measured electrometrically and with
amicrophotometer using the method of multiple expo-
sures [3—7].

CRYSTAL STRUCTURE
OF Cu(2)Gly(D-Ser)(L-Ser),

The unit cell of the crystals was determined from the
geometry of the reflections reveaded in the electron dif-
fraction patterns. The unit cell parameters are a =
8.96(2) A,b=9.66(2) A,c=5.07(2Q A, a=p=90°y=
92.8(3)°, space group P1, and the number of formula
unitsper unit cell Z=1. Thediscrepancy factor Risequal
to 14.6%. A fragment of the Cu(2)Gly(D-Ser)(L-Ser),
structureis shown in Fig. 1.

It is found that crystals of Cu(2)Gly(D-Ser)(L-Ser),
have an unusual structure. This structure is character-
ized by two types of complexes, namely, the mixed-
ligand Cu(1)Gly(L-Ser) complexes and the binary
Cu(2)(D-Ser)(L-Ser) complexes. In the Cu(1)Gly(L-Ser)
complex, the amino acid residues of glycine and
L-serine act as bidentate ligands, whereas the
Cu(2)(D-Ser)(L-Ser) complex contains residues of only
the serine amino acid. In both complexes, the nitrogen
atoms of the amino groups are located in the trans posi-
tions. The coordination of copper ions in both com-

b
Gly L-Ser 5
C(3) o)
O .’

0(14) N(1) QC@)
a . @ .

Fig. 1. A fragment of the Cu(2)Gly(D-Ser)(L-Ser), crystal
structure.

1063-7745/02/4703-0420$22.00 © 2002 MAIK “Nauka/Interperiodica’
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plexes has the shape of an elongated octahedron. The
copper ionsand the amino acid residues (of glycineand
serine in the former complex and serine in the latter
complex) form five-membered chelate rings. The mean
planes of these rings are coplanar with the carboxyl
groups of the amino acid residues. The structural data
obtained by the electron diffraction technique show that
the serine residues in the Cu(2)(D-Ser)(L-Ser) com-
plexes are related by the noncrystallographic center of
symmetry, which coincides with the position of the
Cu(2) ion. Moreover, the serine residue of the
Cu(1)Gly(L-Ser) complex isrelated to the D-serine res-
idue of the Cu(2)(D-Ser)(L-Ser) complex by the local
glide-reflection plane (b). The Cu(1) and Cu(2) ionsare
also related by this plane, and their arrangement fol-
lows a rectangular centered pattern. The local symme-
try isreflected in the el ectron diffraction patterns of the
textures of Cu(2)Gly(D-Ser)(L-Ser), crystals: the hkO
reflections with k = 2n + 1 have very weak intensities.
At the same time, the O0I reflectionswith | =2n+ 1 are
virtually absent in the diffraction patterns. These dif-
fraction features indicate that the symmetry of the
mutual arrangement of structural units in the
Cu(2)Gly(D-Ser)(L-Ser), crystalsis similar to the sym-
metry of the space group P2,/b, in which the copper
ions occupy the centers of symmetry. Thus, although
the crystal structure of Cu(2)Gly(D-Ser)(L-Ser), con-
sists of crystalographically independent structural
units of two types, namely, Cu(1)Gly(L-Ser) and
Cu(2)(D-Ser)(L-Ser), the Cu(L)Gly(L-Ser) structural
unit can be considered, to a first approximation, as its
independent part. For this structural unit, the coordi-
nates of the non-hydrogen atoms are listed in Table 1
and theinteratomic distances and bond angles are given
in Table 2.

The packing of the complexesin the crystal is char-
acterized by the formation of layers aligned paralel to
the bc coordinate plane. In the layer, the shortest N---O
contacts between the amino groups and the carboxyl
oxygen atoms, which are involved in the copper coordi-
nation and belong to the neighboring complexes, liein
the range 3.19-3.25 A. This suggests that different
complexes in the layer are linked through hydrogen
bonds. The Cu(1)---O(7) and Cu(1)---O(14) distances
areequal to each other (2.75A). Short contacts between
the oxygen atoms of the hydroxyl and carboxy! groups,
on the one hand, and between the hydroxyl oxygens, on
the other, indicate that the serine and glycine residues
of the complexes of the adjacent layers are linked
through hydrogen bonds: O(12)-H--O(2), 2.93 A;
O(5)H--0(16), 2.94 A; and O(13)-H--O(12)H, 3.14 A.

We should note one more remarkabl e feature of the
Cu(2)Gly(D-Ser)(L-Ser), structure. According to the
structural data, the conformations of the glycine and
serine residues differ from those in free glycine and
serine. In the structure studied, the conformation of the
glycine residue is virtually planar, whereas the confor-
mation of the side radical of the serine residue is char-
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Table 1. Coordinates (x10%) of the non-hydrogen atoms of
the Cu(1)Gly(L-Ser) fragment in the Cu(2)Gly(D-Ser)(L-
Ser), coordination compound

Atoms xla y/b zlc
Cu(1) 501(3) 251(2) 249(2)
o(1) 551(7) 85(6) 442(7)
0(2) 705(7) —85(6) 472(7)
0(3) 452(7) 416(6) 54(7)
o4 297(7) 586(6) 35(7)
o(5) 973(7) 116(6) —78(7)
N(D) 345(8) 309(7) 494(8)
N(2) 656(8) 191(7) 6(8)
C(1) 659(8) 20(7) 363(8)
C(2 745(8) 91(7) 132(8)
C(3) 255(8) 408(7) 369(8)
C(4) 343(8) 481(7) 130(8)
C(5) 863(8) 19(7) —14(8)

Table 2. Interatomic distances (A) and bond angles (deg) in
the Cu(1)Gly(L-Ser) fragment of coordination compound |

Atoms Distance Atoms Angle
Cu(1)-O(1) | 1.95(1) |N(1)-Cu(1)-0(1) 96.4
Cu(1)-0(3) | 1.95(1) |N(1)-Cu(1)-0(3) 83.8
Cu(1)-N(1) | 1.97(1) |N(@2)-Cu(1)-0(1) 83
Cu(l)-N(2) | 1.97(1) |N(2)-Cu(1)-0(3) 96.7
N(1)-C(3) 1.44(1) |N(1)-C(3)-C(4) 110.2
C(3)-C(4) 1.59(1) |C(3)-C(4)-04) 1194
C(4)-0(4) 1.22(1) |O(4)—C(4)-0(3) 127.8
C(4)-0(3) 1.26(1) [C(3)-C(4)-0(3) 112.7
C(1)-0(2) 1.24(1) |N(Q2)-C(2)-C(1) 110.8
C(1)-0(1) 1.25(1) |C(5)-C(2)-N(2) 121.6
C(1)-C(2) 1.54(1) |C(5)-C(2)-0(1) 121.3
C(2-N(2) 1.43(1) |C(2)-C(5)-0(5) 107.6
C(2)—C(5) 1.49(1) |C(2)-C(1)-0(1) 113.8
C(5)-0(5) 1.37(1) |C2)-C(1)-0(2) 1214

0(2)-C(1)-0(1) 124.4

acterized by the C(1)C(2)C(5)0O(5) torsion angle of
—-144°, which differs essentially from the correspond-
ing torsion angle in free serine (-53°). Apparently, the
torsion angle in the radical of the serine residue
depends on the interactions involving the hydroxyl
groups of the serine residues.
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Fig. 2. A fragment of the Cu(2)Gly;(L-Ser) crysta structure.

CRYSTAL STRUCTURE OF Cu(2)Gly;(L-Ser)

Crystas of Cu(2)Gly,(L-Ser) have the space group
P1 and the following unit cell parameters: a = 8.37(2) A,
b=9.65(2) A,c=5.06(2) A, a=p=90°y=92.8(3)°,
and the number of formulaunits per unit cell Z=1. The
discrepancy factor R is 16.7%. A fragment of the
Cu(2)Gly;(L-Ser) structureis shown in Fig. 2.

Table 3. Coordinates (x103) of the non-hydrogen atoms of
the Cu(1)Gly(L-Ser) fragment in the Cu(2)Glyz(L-Ser)
coordination compound

DIACON, CHAPURINA

Similar to the structure described above, the crystal
structure of Cu(2)Gly,(L-Ser) is characterized by two
types of complexes, namely, Cu(1)Gly(L-Ser) and
Cu(2)GlyGly. In the former complex, the Cu(l) ion is
bonded to the glycine and serine residues. In the latter
complex, the Cu(2) ion is bonded to two glycine acid
residues. In both complexes, the amino acid residues
are situated trans relative to each other, asisthe casein
the above structure. According to the structural data,
the Cu(2)GlyGly complex adopts a planar conforma-
tion and has alocal center of symmetry that coincides
with the position of the Cu(2) ion. Inthe structure, three
glycine residues involved in the unit cell are related by
the noncrystallographic glide-reflection plane (b) and
the center of symmetry of the Cu(2)GlyGly complex. If
the C(5)O(5) side radical of the serine residue is disre-
garded, complexes of two types are also related by the
b plane. Moreover, the diffraction patterns indicate that
theintensities of the hkO reflectionswith k=2n+ 1 and
the O0I reflectionswith | = 2n + 1 are negligible. There-
fore, disregarding the C(5)O(5) residue of serine, we
can describe the pseudosymmetry of structure 11, like
structure |, by the space group P2,/b, in which the cop-
per ions occupy specia positions at the centers of sym-
metry. On thisbasis, the Cu(1)Gly(L-Ser) fragment can
be considered, to afirst approximation, as abasic struc-
tural unit that forms the Cu(2)Gly;(L-Ser) structure, as
is the case in the Cu(2)Gly(D-Ser)(L-Ser), structure.
For structure 11, the coordinates of the non-hydrogen
atoms of the Cu(1)Gly(L-Ser) fragment are listed in
Table 3 and the interatomic distances and bond angles
aregivenin Table 4.

Table4. Interatomic distances (A) and bond angles (deg) in
the Cu(1)Gly(L-Ser) fragment of coordination compound I1

Atoms Distance Atoms Angle
Atoms xla y/ib zlc
Cu(1)-O(1)| 1.93(1) | N(1)-Cu(1)-O()|  96.9
Cu(1) 500(3) 250(2) 249(3) Cu(1)-0(3)| 1.94(1) | N(1)-Cu(1)-0(3) 83.7
o(1) 554(7) 86(6) 442(7) Cu(1)-N(1) | 1.97(1) | N(2)-Cu(1)-0(1) 83.6
0(2) 718(7) —86(6) 469(7) Cu()-N(2)| 1.95(1) | N@)-Cu(1-0(3)| 956
0o(3) 448(7) 415(6) 55(7) N(1)-C(3) | 1.42(1) | N(H-C3)-C4) 110.9
0(4) 282(7) 586(6) 34(7) C(3-C®) 1.59(1) | C(3)-C(4)-04) 1194
o) 1006(7) 116(6) _777) C(4)-0(4) | 1.22(1) | O(4)-C(4)-0(3) 127.8
N() 332(8) 308(7) 492(8) C4)-0(3) | 1.26(1) | C(3)-C(4)-0(3) 112.7
C(1)-0(2) | 1.25(1) | N(2)-C(2)-C(1) 110.7
N(2) 664(8) 192(7) 5(8) .
(1)-O(1) | 124(1) | C(5)-C(2)-N(2) 121
e 669(8) 21(7) 363(8) C(1)-C(2) | 155(1) | C(5)-C(2)-0(1) 121.4
C2) 761(8) 92(7) 134(8) CO-NE@ | 1451) | Cc2)-ci5)-05) | 107.3
cE) 238(8) 408(7) 369(8) C(2-C(5) | 150(1) | C@)-C()-O(1) | 1137
C(4) 332(8) 481(7) 130(8) C(5)-0(5) | 1.37(1) | CQ2)-C(1)-0Q) 121
C(5) 887(8) 19(7) —16(8) 0(2)-C(1)-0(1) 125
CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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Table 5. Crystallographic characteristics of mixed copper(I1) coordination compounds containing glycine and serine in the

ratios1:1,1:3,and3:1

Compound a A b, A c, A a, deg B, deg y,deg  |Space group
I. Cu(2)Gly(D-Ser)(L-Ser) 8.96 9.66 5.07 % 90 92.8 P1
I1. Cu(2)Glys(L-Ser) 8.37 9.65 5.06 90 90 9.8 P1
111, Cu2)Gly,(D-Ser)(L-Ser) | 871 9.64 5.08 9 90 921 Pb
V. CuGly(L-Ser) 8.65 9.68 5.08 90 90 92.6 P2,

In crystal structure |1, the complexes are linked into
layers aligned parallel to the bc coordinate plane. Asin
structure |, the layers repeat with the a period (one
layer). In the layer, the complexes are interlinked
through the Cu(1)---O(9) and Cu(1)---O(10) contacts
(2.74 and 2.75 A, respectively) and the N---O distances
fall intherange 3.17-3.25 A. The O(5)—H---0(12) con-
tacts between the oxygen atoms of the serine hydroxyl
groups and the oxygen atoms of the /glyci ne carboxyl
groups of the adjacent layersare 2.37 A. These contacts
are shorter than the normal hydrogen bonds (~2.60 A)
between the hydroxy! groups and the carboxyl oxygens
observed in the structures of free amino acids. This dif-
ference can stem from the inaccuracy in determining
the positions of the peripheral atoms in the complexes
because of the small number of structure amplitudes
(317) used in the structure determination.

It was noted above that, in structure |, the glycinate
ions adopt a planar conformation. In the serine resi-
dues, the C(1)C(2)C(5)O(5) torsion angleisidentical to
the corresponding angle in the serine residues in the
structure of Cu(2)Gly(D-Ser)(L-Ser)s,.

SPECIFIC FEATURES OF THE CRY STAL
STRUCTURES Cu(2)(D-Ser)(L-Ser),
AND Cu(2)Gly;(L-Ser)

The data obtained demonstrate that the changein the
glycine : serine ratio in the compositions of the com-
pounds described virtually does not affect the spacings
b and c and the angular parameters of the unit cells. The
change is observed only in the third spacing, a, along
which the layers alternate in the structures. Thus, the
change in the ratio of the amino acids results in the
change of the width of layers that form the structures.
In structures | and 11, the layers consist both of the
same fragments Cu(1)Gly(L-Ser) with close geometric
and conformational characteristics and of fragments
that differ in composition, namely, Cu(2)(D-Ser)(L-
Ser) in structure | and Cu(2)GlyGly in structure 1. In
the layers, the copper ions are located at the sites of a
rectangular centered network. The dimensions of the
rectangular motifs of the networks in the bc layers are
identical in the Cu(2)Gly(D-Ser)(L-Ser), and
Cu(2)Gly;(L-Ser) compounds. These layers can be
formed by the same structural fragment, Cu(1)Gly(L-
Ser), through repetition of the Cu(l)(L-Ser) and

CRYSTALLOGRAPHY REPORTS Vol. 47 No. 3
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Cu(1)Gly blocks of this fragment, respectively, with
local symmetry operations. Thus, the crystals of
Cu(2)Gly(D-Ser)(L-Ser), and Cu(2)Glys(L-Ser) have
similar structures but significantly differ in their inter-
layer spacing and the configuration of the interlayer
space.

COMPARISON OF THE STRUCTURAL
FEATURES OF MIXED COPPER(Il) COMPOUNDS
CONTAINING GLYCINE AND SERINE
IN THERATIOS1:1,1:3,AND 3:1

It isinteresting to compare the crystal structures of
the CuGly(L-Ser) (1V) and Cu(2)Gly,(D-Ser)(L-Ser)
(I''T) compounds, which have been studied and reported
in[1, 2] and contain glycine and serineintheratiol: 1,
with the above structures of Cu(2)Gly(D-Ser)(L-Ser),
and Cu(2)Glys(L-Ser), which contain glycine and
serineintheratios1: 3 and 3: 1. For convenient com-
parison, the crystallographic characteristics of these
compounds are summarized in Table 5. We can see
from thistable that the parameters b and ¢ and the angu-
lar parameters are almost identical, whereas the param-
etersa, which characterizetheinterlayer spacingsin the
structures, and the space groups of symmetry are differ-
ent. Compounds 111 and IV crystallize in amonoclinic
system, whereas compounds| and I 1 crystallizein atri-
clinic system. The pseudomonoclinicity of thetriclinic
lattices in crystal structures | and |11 suggests that the
symmetry of the mutual arrangement of structural units
inthesecrystalsis, on average, higher than the symmetry
of thetriclinic system. The Cu(2)Gly,(D-Ser)(L-Ser) and
CuGly(L-Ser) compounds are polytypic modifications.
Like compounds | and |1, they have layered structures.
The main structural unit involved in the formation of
the layers in al four compounds is the CuGly(L-Ser)
fragment. In these structures, the repetition patterns of
this fragment within the layer are different.

Thus, the main structural unit of all the compounds
listed in Table 5 is the CuGly(L-Ser) fragment. How-
ever, the CuGly(L-Ser) fragments in compounds | and
[l differ structurally from similar fragmentsin |11 and
I'V. These compounds are similar in the main geometric
characteristics but differ in the conformations of the
side radicals of the serine residues.
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Abstract—The first crystal structure of tris(methylcyclopentadienyl) tetrahydrofuranato (THF) lanthanide
complexes, (CH;Cp);Sm - THF, is determined. The complex crystallizes from mixed solvents of tetrahydrofu-
ran and hexane as amonomer in the orthorhombic space group Pc2,;n with the unit cell parametersa = 9.135(2)
A, b=13.263(2) A, c=16.176(3) A, and Z = 4. © 2002 MAIK “ Nauka/ I nterperiodica’ .

INTRODUCTION

Up to now, a series of molecular structures of
tris(cyclopentadienyl) lanthanide and tris(methylcyclo-
pentadienyl) lanthanide complexes have been reported.
From these results, we can see that the molecular struc-
ture of these compounds substantially depends on both
the substituent in the cyclopentadienyl ring and the
coordinated solvent and that the tris(cyclopentadienyl)
lanthanide complexes are polymeric compounds [1-4].
However, the tris(methylcyclopentadienyl) lanthanide
complexes are tetrameric complexes [5-8], and the
structure of solvent coordinated complexes CpsLn -
THF (Lnisalanthanide el ement) isamonomer [9-13].
An interesting question is how does the molecular
structure of (CH;Cp);Ln - THF compare with its non-
solvent coordinated compound. Here, we report the
molecular structure of (CH;Cp);Sm - THF.

EXPERIMENTAL

Since the complexes described below are extremely
air- and moisture-sensitive, al the experiments were
conducted under pure argon by Schlenk techniques.
Tetrahydrofuran and hexane were distilled from
sodium benzophenone ketyl before use. The
(CH;Cp);Sm complex was prepared by the same
method as was used to synthesize (CH;Cp);Nd [5].
Analysisfor metals was carried out by direct complex-
ometric titration. Mass spectrometric measurements
were performed on aV G-Quattro mass spectrometer at
T = 200°C and EV = 70 eV. Isotopes refer to °C, H,
160, and 152Sm.

:*This article was submitted by the author in English.
Corresponding address. Department of Chemistry and Materials
Science Center, Institute of Physical Chemistry, Nuclear Chemis-
try, and Macromolecular Chemistry, Philipps University Mar-
burg, Hans-Meerwein-Strasse, D-35032 Marburg, Germany.

Preparation of (CH;Cp);Sm - THF. (CH;Cp);Sm
(249, 5 mmol) and THF (20 mmol) were added to a
100-ml flask. The reaction mixture was allowed to stir
for 48 h at a temperature of 60°C. The solvent was
removed and an ether—hexane (10 : 1) mixture was
added to the solution to form a saturation solution. The
solution was cooled to —15°C, and ayellow crystal was
produced. The yield was 78%.

And. calcd. (%): Sm, 32.7. Found (%): Sm, 32.5.
MS (m/2): 389 [(CH;Cp);Sm]*, 310 [(CH;Cp),Sm]*,
231 [(CH;Cp)Sm]*, 79 [CH,Cp]*.

X-ray structureanalysisof (CH;Cp);Sm - THF. A
singlecrystal (0.29 x 0.60 x 0.52 in size) was sealed in

a glass capillary with nitrogen as an inner gas. The
structure was solved by the heavy atom method, and the

C(14) c(3)

C4

Cc(33)

A perspective view of the molecular structure of
(CH3Cp);Sm - THF.

1063-7745/02/4703-0425%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Table 1. Atomic coordinates (x10%) and equivaent isotro-
pic thermal parameters (A2 x 109)

Atom X y z uU*

Sm 1321(1) 1881(5) 6680(1) 92(1)
O(1) —295(13) 1906(21) | 7892(8) 131(2)
C(2) |-1455(27) 2698(22) | 8112(22) | 339(2)
C(3) |—-2542(23) 2176(19) | 8627(16) | 219(2)
C@4) |-1730(22) 1345(16) | 9005(13) | 135(2)
C(5) —703(23) 1059(16) | 8391(13) | 131(2)
C(11) | 3795(21) 622(16) | 6892(11) 99(2)
C(12) | 2738(19) 345(14) | 7449(13) 93(2)
C(13) | 1580(19) —102(15) | 6975(11) 94(2)
C(14) | 1807(25) —123(22) | 6213(15) | 181(2)
C(15) | 3204(21) 271(17) | 6185(12) | 116(2)
C(16) | 3654(25) 242(22) | 5404(13) | 198(2)
C21) 43(21) 1502(15) | 5272(11) | 123(2)
C(22) 539(26) 2460(18) | 4973(18) | 212(2)
C(23) | —482(23) 2933(19) | 5558(14) | 143(2)
C(24) | —1475(22) 2304(18) | 6119(16) | 155(2)
C(25) | —1030(22) 1301(16) | 5768(15) | 130(2)
C(26) | —1554(26) 380(20) | 5993(21) | 259(2)
C(31) | 3722(21) 2973(16) | 7316(12) | 116(2)
C(32) | 2556(25) 3275(19) | 7790(17) | 167(2)
C(33) | 1625(19) 3867(15) | 7349(12) 99(2)
C(34) | 2176(20) 3866(15) | 6526(12) 96(2)
C(35) | 3407(20) 3235(18) | 6484(12) | 114(2)
C(36) | 4578(26) 3091(23) | 5928(16) | 248(2)

* Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uj; tensor.

coordinates of the hydrogen atoms were added accord-
ing to the theoretical model. The atomic coordinates
and isotropic thermal parameters are listed in Table 1.
Thedatacollection, crystal data, and refinement param-
eters for the (CH;Cp);Sm - THF compound are pre-
sented in Table 2. Selected bond lengths and angles are
given in Table 3. A perspective view of the molecular
structure of (CH,Cp);Sm - THF is shown in the figure.
Crystallographic data are deposited in the Cambridge
Crystallographic Database Center (deposition number
CCDC168188).

RESULTS AND DISCUSSION

The X-ray structure analysis shows that the
(CH;Cp);Sm - THF crystals has a monomeric structure,

CRYSTALLOGRAPHY REPORTS Vol. 47
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Table 2. Crystal data of the (CH;Cp);Sm - THF compound

Formula (CH5Cp)3Sm - THF

Molecular weight 459.8

Space group Pcyn

Unit cell parameters:

a A 9.135(2)

b, A 13.263(2)

c, A 16.176(3)

Vv, A3 2025.36(6)

z 4

Deacar g/om® 1.32

Radiation MoK, (0.71069 A)

Reflections for lattice parameters, deg 25

0 range for lattice parameters, deg 5.31-9.65

F(000) 796

u, cmt 29.4
Data collection

Diffractometer Nicolet R3 M/E

Scan mode w20

Scan range 26, deg 2-50

h 0-16

k 0-16

I 0-20

Rint 0.034

No. of reflections measured 2198

No. of unique reflections 2025

Reflections for | > 3o(1) 1130

Intensity decay 2.0%

Standard reflections 3/100

Refinement

R 0.0469

Ry 0.0456

S 1.03097

No. of parameters refined 217

Apin, €AT3 —0.4908

AP, €A 0.0443

which is similar to those of Cp;Ln - THF [9-13]. The
structure of Cp;Ln - THF differs significantly from that
of [(CH;Cp);Ln], (Lh=La, Yb, Nd, Ce). The coordina-
tion mode of penta rings of [(CH;Cp);Ln], with the
central metals are n! : n°. However, the coordination
mode of penta rings of (CH;Cp);Sm - THF isn°>. In
(CH;Cp);Sm - THF, three penta rings and THF are

No. 3 2002
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Table 3. Selected bond lengths (A) and bond angles (deg)

Selected bond lengths

Sm-0(1) 2.507(13)
Sm-C (ring 1, av.) 2.819(23)
C-C(ring 2, av.) 1.378(29)
CC(ring 3, av.) 1.418(30)
SMm—Cp(2) 2.537(10)
Selected bond angles

0O(1)-Sm-Cp(1) 105.9(10)
O(1)-Sm-Cp(3) 92.4(9)
Cp(2)-Sm—Cp(3) 119.9(2)

Sm-C (ring 1, av.) 2.785(22)
Sm-C (ring 3, av.) 2.792(22)
C-C(ring 2, av.) 1.460(32)
Sm—Cp(1) 2.517(1)
SMm-Cp(3) 2.519(1)
O(1)-Sm-Cp(2) 102.9(4)
Cp(1)-Sm—Cp(2) 116.0(1)
Cp(1)-Sm-Cp(3) 118.5(2)

coordinated to the central metal to form a tetrahedral
geometry. The angles Cp(1)-Sm-Cp(2) (Cp denotes
the centrodes of the cyclopentadienyl rings), Cp(2)—
Sm-Cp(3), Cp(1)-Sm-Cp(3), O(1)-Sm-Cp(1), O(1)—
Sm—Cp(2), and O(1)-Sm—Cp(3) in (CH;Cp);Sm - THF
ae egua to 116.0(1)°, 115.9(1)°, 118.5(1)°,
105.9(10)°, 102.9(4)°, and 92.4(9)°, respectively. The
average n°-C-Sm distance is 2.799(22) A.
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Abstract—The structure of pyridoneacetic acid C;H;N;O5 (1) is determined by the single-crystal X-ray dif-
fraction technique. The crystals of | are monoclinic, a = 7.4502(15) A, b = 10.006(6) A, ¢ =9.960(3) A, B =
109.96(2)°, Z = 4, and space group P2,/c. The structure of pyridoneacetic acid is solved by the direct method
and refined by the |least-squares procedure in the anisotropic approximation to R = 0.0387. The structure of the
product of itsintramolecular dehydration, C;HgN;0,BF, (I1), is determined by the grid search procedure and
refined by the Reitveld method (R, = 0.045, =0.58, R, = 0.026, and X’ = 4.69). The crystals of 11 are mon-
oclinic, a = 10.4979(3) A, b = 11.4467(3) A, ¢ = 7.6027(1) A, B = 100.83(2)°, Z = 4, and space group P2,/n.
The system of two conjugated heterocyclesis planar. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

This study continues our structural investigations of
heterocyclic compounds that are able to enter readily
into reactions of ring transformation [1-12]. In this
paper, we concentrate on the structural study of pyrido-
neacetic acid, C;H;N;O; (1), and the product of its
intramolecular dehydration (cyclization), namely,
2-0x0-2,3-dihydrooxazol o[ 1,2-a] pyridinium tetrafluo-

O
& (HKOH
~_NH (2) CI ICH,COO" "(2) CICH,COOK*

EXPERIMENTAL

Theunit cell parameters of | (C;H,NO;) were deter-
mined and refined using 25 reflections in the range
14° < 0 < 16° on an Enraf—Nonius CAD4 automated
diffractometer [14] (AMoK,, graphite monochroma
tor). Crystals | are monoclinic, a = 7.4502(15) A, b =
10.006(6) A, ¢ = 9.960(3) A B = 109.96(2)°, V =
697.9(5) A3, dyoy = 1.457 g/om?3, p(AMo) = 0.116 T,
Z =4, and space group P2,/c. A set of 1745 reflections
with | = 20(l) was collected from a crystal no larger
than 0.48 x 0.48 x 0.06 mmin sizeintherange 2.98° <
0 < 28.97° on the same diffractometer (w scan mode) at
room temperature. The primary processing of the set of
diffraction data was performed with the WinGX 98 pro-

roborate, C;HgN,0,B,F, (I1). There are no data on the
structures of | and | in the Cambridge Structural Data-
base [13]. Pyridoneacetic acid | was synthesized by
alkylation of pyridone with chloracetic acid in the pres-
ence of an akali. The cyclization of pyridone | into the
oxazolopyridinium salt || was achieved by itstreatment
with acetic anhydride and the following careful addi-
tion of tetrafluoroboric acid

e

ACZO
"HBF,

COOH

gram package [15]. The structure was solved by the
direct method and refined by the least-squares proce-
dure in the anisotropic approximation using the
SHELX97 program package [16]. All the hydrogen
atoms of the molecule were located from the electron-
density difference synthesis and refined in the isotropic
approximation. The fina discrepancy factors are R, =
0.0387 and wR, = 0.0793. Theresidual electron density
lies between Ap,,,, = 0.124 and Ap,,;, = —0.132 e/A3.
The atomic coordinates and thermal parameters are
listed in Table 1.

The diffraction experiment for C;HgN,O,B;F, (I1)
was performed on an XRD7 automated powder diffrac-
tometer (Seifert-FPM, Freiburg) (ACuK,, Ni filter) in

1063-7745/02/4703-0428%22.00 © 2002 MAIK “Nauka/Interperiodica’
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Table 1. Atomic coordinates (x 10%) and isotropic thermal
parameters (A2 x 10°) for moleculel

Table 2. Atomic coordinates (x10%) and isotropic thermal
parameters (A2) for moleculel1

Atom X y z Ue/Viso
N(1) 6745(2) 1982(1) 502(1) | 34(1)
C(2) 6691(2) 955(1) 1403(1) | 34(1)
0(2) 5112(1) 701(1) 1553(1) | 42(1)
C(3) 8427(2) 281(2) 2085(2) | 46(1)

C(4) | 10050(3) 636(2) | 1854(2) | 57(1)
C(5) | 10030(3) | 1702(2) 937(2) | 61(D)

C(6) 8396(3) | 2349(2) 288(2) | 49(2)
c(7) 4980(2) | 2696(2) | —217(2) | 38(2)
Cc(8) 4411(2) | 3690(1) 706(1) | 33(2)

O(@81) | 2943(2) | 4305(1) 226(1) | 55(1)
0O(82) | 5628(2) | 3828(1) | 2001(1) | 41(1)
H(3) 8440(20) | —421(19) | 2727(19)| 56(5)
H@4) | 11190(30)| 100(20)| 2324(19)| 63(5)
H(5) | 11170(30) | 1910(20)| 760(20) | 78(6)
H(6) 8190(30) | 3100(20) | —370(20) | 73(6)
H(7A) | 3960(20) | 2079(16)| —588(15)| 38(4)
H(7B) | 5130(20)| 3178(18)| —1010(20) | 60(5)
H(82) | 5090(30) | 4480(20)| 2460(20)| 80(6)

Atom X y z Biso
N(D) 97)| 2021(8) 8178(11) | 1.56(7)
C(2 1313(10) | 1858(9) 8553(16) | 1.56
C(3) 1830(8) 715(9) 8354(14) | 1.56
C(4) 942(11) | -153(8) 7795(13) | 1.56
C(5) —401(10) 83(8) 7412(13)| 156
C(6) —883(10) | 1182(10) | 7607(14) | 1.56
C(7) —282(10) | 3240(10) | 8468(12) | 1.56
C(8) 1095(12) | 3721(7) 9063(14) | 1.56
0(2) 2001(6) 2839(6) 9089(8) 1.56
0o(8) 1417(6) 4710(5) 9476(8) 1.56
B 961(17) | 3254(15) | 3844(24)| 3.7(5)
F(1) 1134(8) 4387(5) 3513(10) | 2.78(8)
F(2) 966(9) 2664(5) 2345(7) 2.78
F(3) 1927(6) 2763(5) 4970(8) 2.78
F(4) —-101(6) 3003(6) 4395(9) 2.78
H(3) 2697(71) 596(66) | 8610(82) | 4.0
H(4) 1254(75) | —915(56) | 7655(96) | 4.0
H(5) —991(77) | -543(60) | 7033(85)| 4.0
H(6) =1779(70) | 1333(71) | 7369(96)| 4.0
H(7A) —786(69) | 3358(66) | 9425(90) | 4.0
H(7B) —729(71) | 3638(60) | 7401(78)| 4.0

0.02° steps. Compound |1 is very unstable and tends to
undergo self-condensation. Because of the high hygro-
scopicity and instability of compound I 1, the powder to
be studied was placed in a cell inside a dry box filled

1, pulse x 10*
1.8

0.9

with argon and then was isolated from the atmospheric
moisture with athin polyester film. The unit cell param-
eters were determined with the ITO indexing program
[17] inthe range of angles 12° < 26 < 150° and indices

x5

10 20 30 40

50 60 70 80
20, deg

Fig. 1. Experimental and difference (Reitveld refinement) spectrafor I1.
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1.509(2)

25,,0(81)
C(8)
0(82

Fig. 2. Molecular structure, atomic numbering, and interatomic distancesin I.

1.411(16)

Fig. 3. Molecular structure, atomic numbering, and interatomic distancesin 1.

0<h<6;0<k<7;and-5<I<5. The space group
was determined from the systematic absences of
reflections. Crystals|| aremonoclinic, a= 10.4979(3) A,
b = 11.4467(3) A, ¢ = 7.6027(1) A, B = 100.83(3)°,
V=897.3(1) A3, dyeg = 1.6502 g/cm?, u(ACu) =
15.369 cm?, Z = 4, and space group P2,/n.

The data of the NMR spectroscopic study of |1 were
used as preliminary structural data. The initial geomet-
rica model of the molecule was constructed using
semiempirical and empirical methodswith the MOPAC
6.0 [18] and PCMODEL [19] programs. The structure
was solved according to the grid search procedure [20]

CRYSTALLOGRAPHY REPORTS Vol. 47

based on the given molecular fragments. The full-pro-
file refinement of the structure was performed by the
Reitveld method with the MRIA program [21]. The
pseudo-Voigt function was used as a profile function,
and the background was approximated by the Cheby-
shev polynomials of the fifth order. The texture param-
eters were refined within the March-Dollase model
[22] in the [010] direction. In the refinement, the ther-
mal parameters of the non-hydrogen atoms of the cat-
ion were averaged. The thermal parameters of the fluo-
rine atoms of the anion were also averaged. The final
parameters of the refinement had the following values:
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Table 3. Parameters of interatomic contacts [24] in |

431

D-H d(D-H) d(DIA) A(HIA) wDHA A Symmetry code
C(7)-H(74) 0.95(2) 2.643(2) 2.44(2) 92(1) 0(2) xy,2
C(3)-H(3) 0.95(2) 3.322(2) 2.60(2) 134(1) O(81) A-x,y-1/2,1/2-2)
C(4)-H4) 0.98(2) 3.315(2) 2.80(2) 114(1) O(81) x+1,12-y,z+1/2)
C@)-H4) 0.98(2) 3.526(2) 2.57(2) 166(2) 0(82) Q-x,y-1/2,1/2-2)
C(5)-H(5) 0.95(2) 3.612(3) 2.87(2) 136(2) O(81) x+1,y,2
C(6)-H(6) 0.97(2) 3.481(3) 2.75(2) 132(2) O(81) 1-x,1-y,-2
C(7)-H(7B) 0.96(2) 3.377(3) 2.87(2) 114(1) O(81) A-x,1-y,-2
C(7)-H(7B) 0.96(2) 3.626(2) 2.67(2) 172(2) 0(2) X, 12-y,2-1/2)
C(7)-H(7B) 0.96(2) 3.339(2) 2.93(2) 107(1) 0(82) x,12-y,z-1/2)
0(82)-H(82) 0.96(2) 2.535(2) 1.61(2) 162(2) 02) A=-x,y+1/2,1/2-2)

Note: D isadonor atom, Aisan acceptor atom, and H isahydrogen atom (the d distances and w anglesare givenin A and degrees, respectivey).

Table 4. Parameters of interatomic contacts [24] in |1

D-H d(D—H) d(D ma) d(H [ma) wDHA A Symmetry code
C(7)—H(7B) 0.97(6) 3.15(1) 2.60(7) 116(4) F(4) xV¥,2
C(6)-H(6) 0.94(7) 3.49(2) 2.88(7) 124(6) 0(8) (x=1/2,12-y,z-1/2)
C(6)-H(6) 0.94(7) 3.33(2) 2.75(7) 121(5) 0(2) (x=12,1/2-y,z-1/2)
C(6)-H(6) 0.94(7) 3.53(2) 2.63(8) 162(6) F(1) (x=1/2,1/2-y,z+ 1/2)
C(6)-H(6) 0.94(7) 3.40(2) 2.80(8) 122(6) F(3) (x=2/2,1/2-y,z+ 1/2)
C(7)-H(7A) 0.99(8) 3.53(2) 2.82(8) 129(5) F(3) (x=1/2,1/2-y,z+ 1/2)
C(5)-H(5) 0.96(7) 3.21(1) 2.47(7) 134(5) F(2) (~x,-y,1-2
C4)-H®) 0.95(7) 3.69(1) 2.98(7) 133(5) F(4) (%, -y,1-2)
C(3)-H(3) 0.91(7) 3.29(2) 2.87(7) 110(5) 0o(8) (1/2-x,y—12,312+2)
C(3)-H(3) 0.91(7) 3.26(2) 2.68(7) 123(5) F(1) (1/2-x,y—12,312+2)
C(4)-H(%) 0.95(7) 3.49(2) 2.81(7) 129(5) F(3) (1/2-x,y—-1/2,3/2+2)
C(4)-H(%) 0.95(7) 3.63(2) 2.84(8) 142(5) 0(2) (1/2-x,y-1/2,3/2+2)
C(3)-H(3) 0.91(7) 3.49(1) 2.78(7) 136(6) F(4) (x+1/2, 12-y,z+1/2)
C(7)—H(7A) 0.99(8) 3.17(2) 2.50(8) 126(5) 0(8) (—x,1-vy,2-2
C(7)-H(7A) 0.99(8) 3.06(1) 2.72(6) 101(4) F(2) Xy 1+2
C(7)-H(7B) 0.97(6) 3.15(2) 2.38(7) 136(5) F(1) (~x1-y,1-2

Note: D isadonor atom, Aisan acceptor atom, and H isahydrogen atom (the d distances and w angles are given in A and degrees, respectively).

R,=0.045, R, = 0.58, R, = 0.026, and x* = 4.69, where
Ry=Zlo—lc/Zlo, Ryp=ZWll,— I [/ZWl,, Re= Z0l,/Zl,,
I, is the observed intensity, and |, is the calculated
intensity. The observed and difference X -ray diffraction
patterns are shown in Fig. 1. The atomic coordinates
and isotropic thermal parameters are listed in Table 2.

The molecular structures of | and || with the atomic
numberings are shown in Figs. 2 and 3, respectively.
The drawings were obtained with the PLUTON96 pro-
gram [23].
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RESULTS AND DISCUSSION

Earlier, we studied the structures of the N-substituted
pyridones-2 containing the phenacyl [3] and para-nitro-
phenacyl [8] groups at the nitrogen atom. The structure
of the pyridine fragment in molecule | issimilar to those
inthe pyridones studied earlier. The O(2) and C(7) atoms
liein the plane of the heterocycle. In the pyridine frag-
ment (Fig. 2), formally single and double bonds alter-
nate to form the quasi-diene structural fragment
C(3)=C(4)—C(5)=C(6). The C(2)-N(1)—-C(7)—C(8) tor-
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sion angleisequal to 77.2(2)°, which rules out the for-
mation of the 0O(2)---H(82)-0O(82) intramolecular
hydrogen bond. A similar molecular structure is
observed in 1,2-dihydro-2-imino-1-carboxymethylpy-
ridine [5], in which the planes of the carboxyl group
and the pyridine ring form a dihedral angle of
80.81(5)°. In crystal structure I, a network of intermo-
lecular hydrogen bonds is observed. The parameters of
the hydrogen bonds are listed in Table 3.

The heterocyclic cation || has aplanar structure. The
largest atomic deviation from the plane of the bicyclic
fragment is0.01 A. The O(8) atom liesin thisplane. Itis
interesting to reveal structural changes that accompany
thel — |l cyclization. As was noted above, the bond
lengthsin the six-membered ring of moleculel aternate.
Upon cyclization, the diene-like structure is retained but
the bond alternation becomes less pronounced (due to
the stronger bond delocalization in the cation). At the
same time, upon cyclization, the carbonyl fragment of
the amide group loses the double-bond character. Most
likely, thisindicates significant charge localization at the
nitrogen atom of the cation.

COOH

The aforementioned specific structural feature of
cation |1 suggests that no aromatization occurs in the
bicyclic fragment formed from the monocycle. A sys-
tem of intermolecular contacts involving the hydrogen,
oxygen, and fluorine atoms is formed in crystal struc-
turell (Table 4). These contacts were calculated using
the PARST95 program [24]. The mean B—F bond
length in the tetrahedral anion is 1.321(19) A.
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Abstract—The crystal structure of the complex of enniatin B, cyclo[—(L-MeVal-D-Hyi);—] (C33Hs;N;0,), with
KNCSisdetermined by X-ray diffraction [CuK,, radiation, R= 0.0594 for 7925 reflectionswith | > 20(l)]. The
crystals belong to the space group P3, a = 24.448(5) A, ¢ = 23.578(5) A, vV = 12277(9) A3, and Z = 6. The unit
cell contains 12 symmetrically independent molecules of the antibiotic, which are located on crystall ographic
threefold axes. The K* ions are located on the threefold axes and are coordinated by the carbonyl oxygen atoms
of the hydroxy acid or amino acid residues of the enniatin moleculesto form prisms, twisted prisms, and anti-
prisms. All the independent enniatin molecules retain the principal conformational features revealed earlier in
the structures of enniatin B and its complexes. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Antibiotics of the enniatin series, whose depsi pep-
tiderings consist of aternating amino acid and hydroxy
acid residues, belong to membrane-active compounds.
Their physiological function is to induce transport of
alkali and alkaline-earth ions through biological mem-
branes. Earlier [1], it was demonstrated that the func-
tioning of these antibioticsis governed to alarge extent
by conformational factors. Studies of the structure of
these antibiotics both in the free state and in compl exes
with metas are of importance for the understanding of
the mechanism of their action. The structures of ennia-
tin B and its anal ogues were investigated in sol utions by
using calculation methods [2, 3] and in crystals by
X-ray diffraction [4-8]. In addition to the 1 : 1 com-
plexes of enniatin B with K* ions, the2: 1and 3: 1
sandwich complexes were also found in solutions. The
former sandwich complex contains only the amide car-
bonyl groups asthe ligands, whereas the latter complex
involves both the amide and ester ligands [9]. The sand-
wich structure of the 2 : 1 complex of enniatin B with
K1 has been established using X-ray diffraction [7]. In
the crystal structure of this complex, the amide oxygen
atoms of two independent molecules of the antibiotic
face each other and the K* cation is located between
these molecules. The coordination environment of the
K*ionisadistorted trigonal prismformed by the amide
oxygen atoms of both independent molecules. In the
crystal structure of the complex of an analogue of enni-
atin B, beauvericin (Bv), with barium picrate (BaPic,)
[10] of composition (Bv - Pic; - Ba - Bv)* - Pic-, each Bv
molecule is coordinated to the adjacent Ba?* ion
through three amide oxygen atoms. The Bv molecules

present the same side (the amide oxygen atoms) to each
other, and three Pic- anions are located between the
Ba?* cations. That is to say, the beauvericin molecule
encloses the cationic—anionic complex as awhole into
a “capsule.” The results obtained gave a better insight
into the mechanism of the transmembrane transport of
metal ions with antibiotics of the enniatin series. This
transport can occur with the help of carrier moleculesor
proceed through relay-race ion transfer or through a
continuous channel formed by stacks of the enniatin
molecules [11]. The crystal structure of the 1 : 1 com-
plex of enniatin B with KNCS was determined by X-ray
diffraction analysis as a continuation of studies on the
membrane-active antibiotic enniatin. The crystals of
the complex were grown from methanol.

EXPERIMENTAL

Single crystals of the complex of enniatin B with
KNCSwere grown at the Shemyakin—Ovchinnikov | nsti-
tute of Bioorganic Chemistry of the Russian Academy of
Sciences. The crystals belong to the space group P3,
a=24.448(7) A, c = 23.718(7) A, vV = 12277(9) A3,
Z =6, and pyq = 1.196 g/lcm?. Theintensities of reflec-
tions were measured on a Syntex P2, four-circle dif-
fractometer (CuK,, radiation, graphite monochromator,
0,.« = 52.6°, 6/28 scan mode). A total of 8606 reflec-
tions were measured, of which 7925 reflections were
with | > 2a(l). The application of the standard direct
method to the solution of the structure containing more
than 200 independent non-hydrogen atoms proved to be
inefficient. Initially, the positions of the K atoms were
revealed on threefold axes. Then, the partia structure

1063-7745/02/4703-0433%22.00 © 2002 MAIK “Nauka/Interperiodica’
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Table 1. Coordinates and thermal parameters of the independent atoms in the crystal structure of the complex of enniatin B

ZHUKHLISTOVA

with KNCS
Atom | x/a | y/b | zlc | Ueg
Molecule 1
N(1) —-0.1591(4) —0.1013(4) 0.6139(3) 0.050(2)
c@aA) -0.1702(5) —0.0491(5) 0.6004(5) 0.050(3)
c@) —0.1100(5) 0.0140(5) 0.6110(5) 0.047(3)
0() —0.0758(3) 0.0250(3) 0.6498(3) 0.057(2)
CQ) -0.1751(7) —0.1264(7) 0.6719(5) 0.084(4)
C(1B) —-0.2283(5) —0.0534(6) 0.6262(6) 0.075(4)
C(1G1) —0.2862(6) —0.1132(6) 0.6044(7) 0.093(4)
C(1G2) —0.2351(7) 0.0059(7) 0.6130(8) 0.112(6)
0(2) —0.1007(3) 0.0571(3) 0.5744(5) 0.061(2)
C(2A) —0.0484(5) 0.1233(5) 0.5819(6) 0.069(3)
C(2) 0.0106(5) 0.1223(5) 0.5774(5) 0.058(3)
0(2) 0.0750(4) —0.0221(4) 0.5371(4) 0.066(2)
C(2B) -0.0562(7) 0.1614(7) 0.5323(10) 0.123(7)
C(2G1) —0.0099(9) 0.2301(8) 0.5493(14) 0.236(17)
C(2G2) -0.1191(9) 0.1591(10) 0.5348(10) 0.143(7)
Molecule 2
N(1) 0.1053(4) —0.0568(4) 0.3286(3) 0.049(2)
C(1A) 0.1548(5) 0.0052(5) 0.3442(5) 0.057(3)
c@) 0.1346(5) 0.0541(5) 0.3304(5) 0.050(3)
0() 0.1030(3) 0.0525(4) 0.2907(3) 0.058(2)
C( 0.1045(6) —0.0837(5) 0.2738(5) 0.068(3)
C(1B) 0.2180(6) 0.0242(6) 0.3150(6) 0.072(3)
C(1G1) 0.2443(6) —0.0155(6) 0.3400(8) 0.099(5)
C(1G2) 0.2648(6) 0.0930(6) 0.3214(9) 0.105(6)
0(2) 0.1589(3) 0.1018(4) 0.3690(3) 0.060(2)
C(2A) 0.1508(5) 0.1549(5) 0.3581(6) 0.065(3)
C(2) 0.0784(5) 0.1342(6) 0.3625(5) 0.053(3)
0(2) 0.0484(4) 0.0972(4) 0.3978(4) 0.066(2)
C(2B) 0.1868(8) 0.2071(12) 0.3952(15) 0.196(13)
C(2G1) 0.2583(8) 0.2200(13) 0.4019(13) 0.217(16)
C(2G2) 0.1660(10) 0.2096(15) 0.4396(8) 0.219(18)
Molecule 3
N(2) —0.0989(4) 0.0609(4) 0.1165(4) 0.049(2)
c@aA) —0.0474(6) 0.1220(5) 0.1014(5) 0.061(3)
c@) 0.0151(6) 0.1251(5) 0.1118(5) 0.057(3)
0o(1) 0.0273(4) 0.1006(4) 0.1513(3) 0.066(2)
C( —-0.1310(7) 0.0450(7) 0.1691(6) 0.089(4)
C(1B) —0.0483(6) 0.1768(6) 0.1341(7) 0.086(4)
C(1G1) —-0.1072(9) 0.1804(9) 0.1126(10) 0.150(10)
C(1G2) 0.0085(14) 0.2411(8) 0.1177(12) 0.219(17)
0(2) 0.0580(4) 0.1580(4) 0.0732(4) 0.074(2)
C(2A) 0.1217(5) 0.1709(5) 0.0807(5) 0.062(3)
C(2) —0.1096(5) 0.0124(5) 0.0777(4) 0.049(3)
0(2) —0.0228(4) —0.0949(4) 0.0388(4) 0.077(3)
C(2B) 0.1596(8) 0.2113(8) 0.0262(8) 0.108(6)
C(2G1) 0.2286(7) 0.2244(7) 0.0314(7) 0.100(5)
C(2G2) 0.1523(10) 0.2755(8) 0.0311(9) 0.145(9)
CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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Atom xla y/b zlc Ueq
Molecule 4
N(1) —0.0426(5) —0.1589(4) 0.8302(4) 0.059(2)
C(1A) 0.0204(5) —0.1407(5) 0.8470(5) 0.057(3)
C(1) 0.0664(5) —0.0728(5) 0.8288(5) 0.051(3)
0(1) 0.0599(3) —0.0447(3) 0.7899(3) 0.056(2)
C —0.0684(8) —0.1872(8) 0.7727(6) 0.101(5)
C(1B) 0.0434(7) —0.1857(7) 0.8291(7) 0.099(5)
C(1G1) 0.0033(8) —0.2520(7) 0.8523(10) 0.118(6)
C(1G2) 0.1130(8) —-0.1611(8) 0.8392(10) 0.120(6)
0o(2) —0.1589(3) —0.1137(4) 0.8651(3) 0.060(2)
C(2A) —0.1428(5) —0.1638(5) 0.8506(7) 0.076(4)
C(2) —0.0726(5) —0.1362(5) 0.8589(6) 0.060(3)
0(2) —0.0450(4) —0.0983(4) 0.8991(4) 0.075(2)
C(2B) —-0.1782(9) -0.2173(8) 0.8951(16) 0.208(15)
C(2GL) —-0.1561(17) —0.2524(16) 0.9080(3) 0.620(6)
C(2G2) —0.2521(7) —0.2456(7) 0.8828(16) 0.260(2)
Molecule 5
N(1) 0.5681(4) 0.3928(3) 0.3048(3) 0.040(2)
C(1A) 0.5128(4) 0.3297(5) 0.3177(5) 0.054(3)
c@) 0.5328(4) 0.2805(4) 0.3090(5) 0.042(2)
o) 0.5631(3) 0.2794(3) 0.2692(3) 0.053(2)
C) 0.5751(5) 0.4241(6) 0.2509(5) 0.069(3)
C(1B) 0.4532(5) 0.3169(6) 0.2877(5) 0.071(3)
C(1G1) 0.4299(6) 0.3608(6) 0.3095(8) 0.090(5)
C(1G2) 0.3998(5) 0.2445(6) 0.2958(7) 0.096(5)
o(2) 0.7284(3) 0.4921(3) 0.3494(3) 0.050(2)
C(2A) 0.6659(5) 0.4853(5) 0.3424(5) 0.052(3)
C(2) 0.6173(4) 0.4152(5) 0.3448(5) 0.048(3)
0(2) 0.6151(4) 0.3817(4) 0.3810(3) 0.063(2)
C(2B) 0.6572(5) 0.5184(6) 0.3948(5) 0.060(3)
C(2G1) 0.5884(6) 0.5096(8) 0.3941(7) 0.097(5)
C(2G2) 0.7034(7) 0.5868(6) 0.3966(3) 0.082(4)
Molecule 6
N(2) 0.5038(3) 0.2622(4) 0.0878(3) 0.045(2)
C(1A) 0.5105(5) 0.3245(5) 0.0753(5) 0.054(3)
Cc() 0.5761(5) 0.3747(4) 0.0848(4) 0.046(2)
o) 0.6092(3) 0.3793(3) 0.1245(3) 0.062(2)
CD 0.4813(7) 0.2330(6) 0.1399(6) 0.083(4)
C(1B) 0.4597(7) 0.3343(7) 0.1042(6) 0.088(4)
C(1GY 0.3944(6) 0.2863(8) 0.0833(10) 0.132(7)
C(1G2) 0.4711(8) 0.4027(7) 0.0884(13) 0.175(11)
0o(2) 0.5942(4) 0.4197(4) 0.0447(4) 0.080(2)
C(2A) 0.6593(6) 0.4791(5) 0.0525(6) 0.075(4)
C(2) 0.7112(5) 0.4657(5) 0.0545(5) 0.048(3)
0(2) 0.7114(4) 0.4320(4) 0.0150(3) 0.072(2)
C(2B) 0.6594(8) 0.5167(6) —0.0031(9) 0.117(6)
C(2G1) 0.7188(8) 0.5857(6) 0.0113(12) 0.152(9)
C(2G2) 0.6053(8) 0.5207(9) —0.0156(9) 0.138(7)
CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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Table 1. (Contd.)
Atom xla y/b zlc Ugg
Molecule 7
N(2) 0.5091(4) 0.2236(4) 0.8029(3) 0.047(2)
C(1A) 0.5268(6) 0.1753(5) 0.8170(5) 0.062(3)
C(1) 0.5939(5) 0.1983(5) 0.8088(4) 0.045(2)
o) 0.6251(3) 0.2324(3) 0.7681(3) 0.050(2)
C( 0.4820(6) 0.2258(6) 0.7475(5) 0.070(3)
C(1B) 0.4794(6) 0.1125(5) 0.7851(6) 0.072(4)
C(1GD 0.4153(6) 0.0826(6) 0.8002(8) 0.102(5)
C(1G2) 0.5054(7) 0.0641(6) 0.7892(8) 0.104(5)
o(2) 0.5605(3) 0.3823(3) 0.8474(3) 0.050(2)
C(2A) 0.5079(5) 0.3217(5) 0.8379(5) 0.051(3)
C(2) 0.5301(5) 0.2711(4) 0.8409(5) 0.047(3)
0(2) 0.5642(4) 0.2759(3) 0.8795(3) 0.061(2)
C(2B) 0.4637(5) 0.3091(6) 0.8888(7) 0.077(3)
C(2GY) 0.4058(6) 0.2428(6) 0.8848(7) 0.094(4)
C(2G2) 0.4408(7) 0.3546(7) 0.8906(8) 0.114(6)
Molecule 8
N(2) 0.8298(4) 0.4296(4) 0.5915(4) 0.050(2)
C(1A) 0.8347(5) 0.3779(5) 0.5745(5) 0.064(3)
Cc) 0.7763(4) 0.3169(5) 0.5884(5) 0.045(2)
o) 0.7430(4) 0.3093(4) 0.6281(3) 0.066(2)
CD 0.8493(6) 0.4558(6) 0.6483(5) 0.076(3)
C(1B) 0.8960(5) 0.3784(6) 0.5988(6) 0.072(3)
C(1Gy 0.9562(7) 0.4378(9) 0.5744(10) 0.142(8)
C(1G2) 0.9007(7) 0.3224(8) 0.5806(9) 0.125(6)
0(2) 0.7649(4) 0.2698(4) 0.5524(3) 0.064(2)
C(2A) 0.7134(5) 0.2067(5) 0.5672(5) 0.054(3)
C(2) 0.6497(5) 0.2072(5) 0.5588(4) 0.050(3)
0(2) 0.6450(4) 0.2358(4) 0.5191(3) 0.063(2)
C(2B) 0.7209(6) 0.1637(6) 0.5305(6) 0.077(4)
C(2G1) 0.7130(112) 0.1709(10) 0.4734(8) 0.135(7)
C(2G2) 0.6812(8) 0.0941(7) 0.5466(8) 0.111(5)
Molecule 9
N(1) 0.1740(4) 0.6112(4) 0.2515(4) 0.060(2)
C(1A) 0.1636(4) 0.5485(4) 0.2685(5) 0.052(3)
c() 0.2200(5) 0.5412(5) 0.2550(5) 0.056(3)
0(1) 0.2542(4) 0.5676(3) 0.2148(3) 0.062(2)
C 0.1579(6) 0.6202(6) 0.1960(5) 0.073(3)
C(1B) 0.1005(7) 0.4904(7) 0.2475(9) 0.114(6)
C(1Gy 0.0488(7) 0.5025(11) 0.2732(9) 0.148(8)
C(1G2) 0.0908(7) 0.4296(7) 0.2656(13) 0.184(13)
0o(2) 0.2762(3) 0.7719(3) 0.2905(4) 0.065(2)
C(2A) 0.2131(6) 0.7245(5) 0.2793(6) 0.067(3)
C(2) 0.2101(5) 0.6570(5) 0.2883(5) 0.058(3)
0(2) 0.2356(4) 0.6509(4) 0.3271(4) 0.076(2)
C(2B) 0.1723(6) 0.7280(6) 0.3282(7) 0.093(4)
C(2GL) 0.1034(8) 0.6746(8) 0.3292(9) 0.124(6)
C(2G2) 0.1762(9) 0.7968(9) 0.3172(12) 0.170(11)
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Atom

xla

y/b

zlc

u

eq
Molecule 10
N(2) 0.1692(4) 0.5806(4) 0.5214(4) 0.063(3)
C(1A) 0.1758(5) 0.6404(5) 0.4992(6) 0.067(3)
Cc) 0.2345(6) 0.6957(5) 0.5256(6) 0.066(3)
o) 0.2659(4) 0.6966(4) 0.5622(4) 0.075(2)
CD 0.1451(7) 0.5609(7) 0.5773(6) 0.092(4)
C(1B) 0.1148(6) 0.6459(7) 0.5009(10) 0.123(7)
C(1Gy) 0.0952(11) 0.6597(15) 0.5506(10) 0.188(13)
C(1G2) 0.0612(6) 0.5844(8) 0.4684(8) 0.108(5)
o(2) 0.2523(4) 0.4958(4) 0.4950(4) 0.074(2)
C(2A) 0.1929(6) 0.4923(6) 0.5094(7) 0.085(4)
C(2) 0.2015(6) 0.5559(6) 0.4944(6) 0.069(4)
0(2) 0.2361(4) 0.5856(5) 0.4510(4) 0.095(3)
C(2B) 0.1447(8) 0.4385(10) 0.4752(13) 0.159(9)
C(2GD 0.0767(11) 0.4314(11) 0.4797(16) 0.222(16)
C(2G2) 0.1379(8) 0.3792(8) 0.4917(13) 0.194(13)
Molecule 11
N(1) 0.4917(4) 0.7637(4) 0.7428(4) 0.057(2)
C(1A) 0.4857(5) 0.8197(5) 0.7582(6) 0.063(3)
C(1) 0.4154(5) 0.8002(5) 0.7469(5) 0.055(3)
o) 0.3840(3) 0.7702(4) 0.7061(3) 0.062(2)
C(D 0.5140(6) 0.7572(6) 0.6884(5) 0.074(3)
C(1B) 0.5310(6) 0.8799(6) 0.7252(6) 0.079(4)
C(1Gy 0.5959(6) 0.8966(7) 0.7463(7) 0.097(4)
C(1G2) 0.5185(8) 0.9326(6) 0.7376(8) 0.106(5)
0o(2) 0.4279(4) 0.6042(4) 0.7874(3) 0.069(2)
C(2A) 0.4825(6) 0.6632(6) 0.7809(5) 0.072(3)
C(2) 0.4653(4) 0.7144(5) 0.7813(4) 0.048(3)
0(2) 0.4319(4) 0.7174(4) 0.8202(3) 0.070(2)
C(2B) 0.5210(7) 0.6717(7) 0.8368(8) 0.115(6)
C(2GL) 0.5810(9) 0.7393(8) 0.8371(13) 0.195(14)
C(2G2) 0.5329(9) 0.6190(9) 0.8476(10) 0.152(8)
Molecule 12
N(2) 0.2293(5) 0.5031(4) 1.0381(4) 0.060(2)
C(1A) 0.1770(5) 0.5182(6) 1.0210(5) 0.069(3)
C(1) 0.1989(6) 0.5862(6) 1.0354(6) 0.065(3)
o) 0.2294(4) 0.6146(4) 1.0750(4) 0.074(2)
C( 0.2257(7) 0.4734(7) 1.0920(6) 0.096(4)
C(1B) 0.1176(8) 0.4737(7) 1.0551(9) 0.122(6)
C(1GD 0.0915(11) 0.4066(10) 1.0293(11) 0.164(9)
C(1G2) 0.0660(7) 0.4834(8) 1.0526(9) 0.121(6)
o(2) 0.3923(4) 0.5672(5) 0.9980(3) 0.078(3)
C(2A) 0.3318(7) 0.5140(6) 1.0101(7) 0.086(4)
C(2) 0.2809(7) 0.5332(7) 1.0012(7) 0.084(4)
0(2) 0.2831(4) 0.5680(4) 0.9648(4) 0.079(3)
C(2B) 0.3137(13) 0.4552(15) 0.9727(17) 0.206(15)
C(2GY) 0.3603(12) 0.4274(10) 0.9910(13) 0.200(12)
C(2G2) 0.3226(16) 0.4758(13) 0.9227(10) 0.195(15)
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Table 1. (Contd.)
Atom x/a yib zlc Ueq
Molecule 12
K(1) 0 0 0.7188(2) 0.053(1)
K(2) 0 0 0.4682(2) 0.047(2)
K(3) 0 0 0.2181(2) 0.049(2)
K(4) 0 0 0.9668(2) 0.049(1)
K(5) 0.6667 0.3333 0.4484(2) 0.048(1)
K(6) 0.6667 0.3333 0.1947(2) 0.046(1)
K(7) 0.6667 0.3333 0.9434(2) 0.048(1)
K(8) 0.6667 0.3333 0.6946(2) 0.046(1)
K(9) 0.3333 0.6667 0.1414(2) 0.055(1)
K(10) 0.3333 0.6667 0.3862(2) 0.047(2)
K(11) 0.3333 0.6667 0.6333(2) 0.057(1)
K(12) 0.3333 0.6667 0.8892(2) 0.053(1)
(1) 0.9215(2) 0.6171(2) 0.7213(2) 0.128(2)
C@) 0.8772(8) 0.6336(10) 0.6987(9) 0.144(8)
N(1) 0.8438(9) 0.6585(13) 0.6799(10) 0.248(13)
S(2) 0.9524(4) 0.3767(5) 0.1532(5) 0.220(3)
C(2 0.9192(12) 0.3241(11) 0.2138(11) 0.107(9)
N(2) 0.9110(9) 0.3023(8) 0.2347(6) 0.060(4)
S(3) 0.2788(6) 0.9400(5) 0.6970(6) 0.309(5)
C(3) 0.3460(16) 0.9444(17) 0.6787(14) 0.201(15)
N(3) 0.3638(13) 0.9323(11) 0.6614(11) 0.189(11)
S(4) 0.2900(6) 0.3594(6) 0.1599(5) 0.307(5)
C4) 0.2570(2) 0.2943(14) 0.2014(11) 0.270(2)
N(4) 0.2604(10) 0.2781(10) 0.2314(12) 0.178(10)
Table 2. Distances (A) between the K* ions and the O atoms involved in the coordination polyhedra
Bond Length Bond Length Bond Length
K(1)-0(1)_1 2.760(8) K(5)-0(2)_5 2.653(7) K(9-0(1)_128 2.707(9)
K(1)-0O(1)_4 2.790(8) K(5)-0(2)_8 2.742(8) K(9)-0(1)_9 2.819(8)
K(2-0(2)_2 2.651(9) K(6)-O(1)_6 2.755(8) K(10)-0(2)_9 2.627(8)
K(2-0(2)_1 2.705(8) K(6)-0(1)_5 2.818(7) K(10)-0(2)_10 2.689(8)
K(3)-0(1)_3 2.714(8) K(7)-0(2)_7 2.652(8) K(11)-0(1)_10 2.701(9)
K(3)-0(1)_2 2.780(8) K(7)-0(2)_6? 2.695(9) K(11)-0(1)_11 2.792(9)
K(4)-0(2)_4 2.631(8) K(8)-0(1)_8 2.723(8) K(12)-0(2)_11 2.653(8)
K(4)-0(2)_3t 2.705(9) K(8)-O(1)_7 2.767(7) K(12)-0(2)_12 2.753(9)

Note: The figures following the notations of the oxygen atoms correspond to the order numbers of the molecules. The superscripts 1, 2,
and 3 correspond to the symmetry codes: -y, x—Yy, z+ 1; X, ¥, z+ 1; and x, y, z— 1.

expansion (TEXP) procedure included in the
SHELX97 program package [12] was employed and
difference electron density syntheses were calculated.
The atomic positions of 12 independent molecules (a
total of 192 independent atoms) were located in a step-
by-step manner. At this stage, the structural model was

refined to R = 0.25. No further decrease in the R factor
was achieved, the rhodanide ions were not revealed,
and certain geometric parameters had unreasonable
values. The unsatisfactory results obtained at this stage
were attributed to possible microtwinning. Hence, the
structure was refined taking into account merohedral
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Fig. 1. Conformation of one of 12 symmetrically independent molecules of enniatin B.

(or pseudomeroheral) twinning with the use of the
SHELX97 program package [12]. In this case, the other by a matrix describing the mutual orientation of
reciprocal lattices of the twin domains areidentical and
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the hkl indices for two components are related to each

the blocks. Several possible models of twinning were

Table 3. Conformational parameters of 12 crystallographically independent molecules of enniatin B in the complex with KNCS

Mole- ¢ W w X' X?

cule [ \veval Hyi | Meval Hyi MeVal Hyi MeVal Hyi MeVal Hyi
1 |-73.6(11)|65.5(13) | 142.8(9) | -138.1(10) | 173.7(9) |-166.6(9) |-61.5(14)| 168.6(16)| 176.5(12)| 59.7(19)
2 |-71.4(11)|67.4(12) | 146.3(9) | —146.3(10) | 172.5(9) |-167.8(9) |-70.5(13)| 45(3) 167.6(12) | -86(3)
3 |-74.1(11) |66.1(12) | 142.7(9) | -138.3(10) | 173.3(9) [-164.9(9) |-68.3(16)|—-177.9(12)| 178.6(16)| 60.9(14)
4 |-75.0(12) | 71.2(13) | 148.4(9) | —154.1(10) | 177.4(9) |-167.7(11)|-59.7(16)|-153(5) 171.1(14)| 66(2)
5 |-71.2(11)|64.1(11) | 140.3(8) | —137.0(8) | 171.2(8) |-164.0(8) |-67.0(13)|—175.9(10)| 170.6(10)| 63.6(11)
6 |-65.8(11) |59.4(14) | 141.0(9) | —142.2(10) | 173.4(9) |-165.1(10)|-62.3(15)| 167.0(13)| 179.7(13)| 46.7(18)
7 |-71.9(11) |69.0(11) | 142.1(9) | -137.3(9) | 167.0(8) |-171.3(8) |-64.6(14)|—-177.2(11)| 168.7(10)| 63.6(14)
8 |-75.3(11) | 71.2(10) | 150.3(9) | —149.3(9) | 172.3(8) |-169.0(9) |-63.3(15)| —64.4(16)| 179.6(12)| 167.5(12)
9 |-78.9(11) |69.6(12) | 148.8(9) | —141.2(10) | 173.7(9) |-168.9(8) |-59.0(16)|—171.8(13)|-178.8(17)| 67.9(14)
10 |-85.9(12) | 64.5(14) | 169.0(9) | —152.4(10) |-176.4(10)|-173.5(11)| 78(2) |-174(2) | —54.4(19)| 66(2)
11 |-74.6(11) | 64.8(13) | 141.1(9) | —136.3(10) | 171.1(10)(-162.8(9) |-67.6(13)|-174.9(16)| 174.0(12)| 55.0(19)
12 |-71.8(11) | 72.2(14) | 147.7(9) | -146.6(11) | 170.3(10)|-172.4(9) |-72.3(16)| 79(3) 167.1(14) | -51(3)

Note: The conformational parameters ¢, ¥, w,
N(HIO()]-CGA)-C()-O('+)[N(+1)],
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N()OG)]-C(A-C(B)-C(GI),

x1, and X2 correspond to the torsion angles C(j'—1)-N(j)[O(")]-C(A)-C("),
C(A-C(")-N(+D[O}+1)]-CI(+D)A],

and



Fig. 2. Fragment of the crystal structureincluding four inde-
pendent enniatin molecules and the K* ions located along
the threefold axis.

examined. It was found that the twin components of the
crystal arerelated to each other by atwofold axiswhose
direction coincides with the crystallographic threefold
axis. In the course of the structure refinement taking
into account twinning, the atomic positions of four
rhodanide groups were determined and the geometric
parameters of the molecules were improved. A total of
204 non-hydrogen atoms were located and refined
anisotropically. The positions of the hydrogen atoms of
the enniatin molecules were calculated from geometric
considerations and refined using the riding model. The
thermal parameters of the H atoms were taken equal to
12U, of the atoms to which the corresponding H
atoms are attached. Thefinal R factorswere 0.0643 and
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0.0594 for al the reflections used in the calculations
and 7925 reflections with | > 20(1), respectively. The
atomic coordinates and the equivalent thermal parame-
tersare givenin Table 1.

RESULTS AND DISCUSSION

The trigonal unit cell of the complex of enniatin B
with KNCS contains 12 crystallographically indepen-
dent enniatin molecules. One of these molecules is
shown in Fig. 1. Each enniatin molecule has a molecu-
lar threefold axisand islocated on one of thethree crys-
tallographic threefold axes (four independent mole-
cules along each axis) so that the molecular axis coin-
cides with the crystallographic axis. As a result, the
enniatin molecules are packed in infinite stacks along
these axes. The K* ions are located on the threefold
axes between the enniatin molecules (Fig. 2). In each
stack, the carbonyl oxygen atoms of the amide or ester
groups of the enniatin molecules face each other. The
coordination polyhedra of the K* ionsareformed by the
carbonyl oxygen atoms, all of which belong to either
the hydroxy acid residues or the amino acid residues of
the enniatin molecules. These polyhedra can be in the
form of regular trigona prisms, distorted prisms, and
antiprisms. The oxygen atoms of the ester groups form
antiprisms about the K(1), K(3), K(6), and K(8) ions or
distorted antiprisms about the K(9) and K(11) ions. The
oxygen atoms of the amide groups form regular trigo-
nal prisms about the K(7) and K(12) ions and twisted
prisms about the remaining K(2), K(4), K(5), and
K(10) ions. The K:--O distances in the coordination
polyhedra are given in Table 2. The substantial differ-
encesin the KO distances (2.627-2.819 A) are attrib-
utable to twinning. However, it should be noted that the
average bond length between the K* ions and the oxy-
gen atoms of the ester groups (2.760 A) is substantially
larger than the average bond length between K* and the
O atoms of the amide groups (2.680 A). Apparently,
this difference results from the fact that the N-methyla-
mide groups and the O atoms of the ester groups are
located on the same side of the molecular plane. In the
2 : 1 sandwich complex of enniatin B with Kl [7], in
which the coordination environments about the K* ions
are formed by the oxygen atoms of the amide groups,
the average K--O distance (2.69 A) is close to that
found in this study.

In the crystal, the stacks are composed of K* ions
intervening between the enniatin molecules and are
arranged in a hexagonal fashion (Fig. 3). The K* ions
and, consequently, the enniatin molecules in the stacks
are located at different heights along the c-axis. The
molecular stack located on the [2/3, 1/3, Z axis is
shifted along the c-axis with respect to the initial stack
(located on the threefol d axis passing through the ori gl n
of coordinates) to the smallest extent (0.567 A),
whereas the corresponding shift of the molecular stack
located on the [1/3, 2/3, Z] axisis 2.029 A. The hydro-
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Fig. 3. Crystal structure of the 1 : 1 complex of enniatin B with KNCS.

phobic environment of the molecular complex (the
molecular stack) is formed by the side radicals and the
N-methylamide groups of the amino acid residues. The
existence of the molecular stacks in this crystal struc-
ture is indirect evidence in favor of one of the mecha-
nisms of ion transport through biological membranes,
which were proposed earlier in [11], namely, ion trans-
fer through the channel formed by the enniatin mole-
cules packed in stacks. Thus, the carbonyl O atoms of
two adjacent enniatin molecules form polyhedra that
are occupied by the meta ion as it moves along the
channel. Hence, the transport of the cation is accompa-
nied by the formation of intermediate sandwich com-
plexes. It isthese two stages of ion transfer through the
channel that were revealed in the structure under study
(the formation of the coordination polyhedra about the
K* ions by the oxygen atoms of the ester or amide
groups). It has been suggested [11] that the size of the
molecular cavity is large enough for the K* ion to pass
through it. An analogous model in support of the loca-
tion of the K atomin the cavity of the enniatin molecule
was proposed earlier in [13] from an analysis of the
Patterson function. The study of the molecular structure
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of enniatin B in the free state [8] demonstrated that the
molecular cavity can be occupied by a water molecule

that is comparable in size to the K* ion.

The rhodanide anions are located between the
molecular stacks at two heights along the c-axis. The
adjacent rhodanide anions are separated by a distance
of approximately one-half of the unit cell parameter ¢
and are located at nearly the same height asthe K* ions
whose coordination spheres are formed by the carbonyl
oxygen atoms of the amino acid residues.

All 12 independent molecules of enniatin B in the
structure under consideration adopt conformations that
are similar to one another and to those observed earlier
in the complexes of enniatin B with K| [7] and with Na
and Ni [5]. All the molecules are characterized both by
alternating upward and downward orientations of the
carbonyl groups with respect to the main ring and by
the pseudoequatorial arrangement of the side radicals
of valine and by hydroxyisovaleryl. Although the major
conformational features of the independent enniatin
molecules are retained, the conformational parameters
of the residues differ substantially. The conformational
angles of the molecules are given in Table 3. The
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N-methylamide and ester groups have trans structures.
The largest deviations of the w angle from 180° are
observed in the N-methylamide group of the seventh
molecule (13.0°) and in the ester group of the eleventh
molecule (17.2°). Most of the x angles are close to 60°
and 180°, the H atoms at the C(A) and C(B) atoms being
in amost trans orientations. The exceptions are mole-
cules2, 8, and 12, inwhich thex anglesfor the siderad-
icals of the hydroxy acid residues differ substantially
from the standard val ues, and molecule 10, in which the
C(A)H-C(B)H fragment of the amino acid residue
adopts the gauche configuration (Table 3). These devi-
ations from the standard geometry are due, apparently,
to steric hindrances upon the complex formation.

The bond lengths and angles have values typical of
depsipeptide rings [4-8]. The rms bond-length and
bond-angle deviations range within 0.012-0.020 A
(0.016-0.040 A for the side radicals) and 0.8°-3.0°,
respectively. As was expected, the largest rms devia-
tions are observed for the bond lengths and angles in
the side radicals, which is in agreement with the large
thermal parameters of the atoms in these groups. The
average bond lengths are asfollows: N-C', 1.359 A: N-
C(A), 1.470A;N-C, 1451 A; O—C', 1.332A; O—C(A),
1.451 A; C(A)—C', 1.522 A; C-0, 1.214 A; C(A)—C(B),
1.54 A; and C(B)-C(G), 1.52 A. The bond lengths and
angles in the NCS groups vary over a wide range (the
S-C and C—N bond Ienﬁths range from 1.43 t0 1.83 A
and from 0.68 to 1.32 A, respectively, and the N-C-S
bond angles are in the range 145°-170°). This scatter in
the bond lengths and angles results is, apparently,
attributable to the difficulties associated with the loca-
tion of the atoms of the rhodanide groups due to the
twinning and large thermal parameters of the atoms.
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Abstract—The clathrate of gossypol with tropolone is prepared for thefirst time and studied by X-ray diffrac-
tion. The structure is determined and refined using 7307 reflections (Siemens SMART/CCD diffractometer).
The crystals are monoclinic, C;oH;,0y - 2C,H0,, a = 35.5892(1) A, b = 12.8893(2) A, ¢ = 18.5910(2) A, B =
118.54(3)°, Z = 8, space group C2/c, and R = 0.058. Each gossypol moleculeislinked to two tropolone mole-
culesthrough hydrogen bonds. The host (gossypol) and guest (tropolone) molecules form separate bilayers that
are parallel to the bec plane and aternate along the a-axis. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

All the known host—guest complexes of gossypol
(more than 100) were prepared by crystallization of
gossypol from specific solventsthat became guest com-
ponents [1-5]. For practical needs, it is reasonable to
synthesize gossypol complexes with compounds that
are solid under standard conditions. For example, prep-
aration of gossypol clathrates with crystalline medici-
nals offers considerable promise. Usually, in order to
prepare such clathrates, one chooses a solvent suitable
for both the host and the guest, dissolves the compo-

nents, and carries out their cocrystallization. However,
the desired complex is not necessarily formed in this
procedure, because gossypol has a pronounced ten-
dency to form clathrates with molecules of almost all
the solvents used. In the case of tropolone (2-hydroxy-
2,4,6-cycloheptatrien-1-one), C;HzO,, a hon-benzenoid
aromatic compound [6, 7], which is solid under standard
conditions, the cocrystallization of two components
[gossypoal (1) and tropolone (11)] from dichloromethane
led to the expected result: the host—guest (1 : 2) com-
plex between gossypol and tropolone was obtained.

EXPERIMENTAL

Dark yellow single crystals of the gossypol :
tropolone complex with the melting point in the range
167-168°C were prepared by sow evaporation from a
mixture of solutions containing tropolone (25 mg) in
dichloromethane (2 ml) and gossypol (50 mg) in
dichloromethane (2 ml) for 8 h at 30°C.

The crystallographic parameters of the single crys-
talswere determined and refined using 8192 reflections
on a Siemens SMART/CCD diffractometer. The crys-
tals are monoclinic, CyH3005 - 2C/HO,, a =
35.5892(1) A, b=12.8893(2) A, c=18.5910(2) A, B =
118.54(3)°, M, = 762.78, V = 7492.09(14) A3, Z = 8,
Peaca = 1.353 g/cm?, and space group C2/c.

1063-7745/02/4703-0443%22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Table 1. Coordinates (x10%) and isotropic thermal parameters (A2 x 10%) of the non-hydrogen atomsin the structure of the 1 : 2
complex of gossypol with tropolone

Atoms xla y/ib zlc Ugq Atoms x/a yib zlc Ueq
C(1) 3645(1) 8022(1) -370(2) 16(1) 0o(8) 3564(1) 3398(1) |—3941(1) 29(1)
C(2) 3405(1) 7902(1) | —1213(1) | 16(1) || O(1A) | 4114(1) 9487(2) |-1171(1) | 30(1)
C(3) 3117(1) 8691(1) | —1685(1) 19(2) 0O(2A) 3931(1) 11295(2) | —946(1) 35(1)
C(4) 3085(1) 9574(1) | -1300(1) 19(2) c(aA 4332(1) 9772(2) | —440(2) 21(2)
C(5) 3268(1) | 10656(1) -72(1) 19(1) C(2A) 4239(1) 10831(2) | —270(2) 24(1)
C(6) 3462(1) | 10710(1) 767(1) | 20(1) C(3A) 4411(2) 11392(4) 443(3) 27(2)
C(7) 3745(1) 9919(1) 1261(1) | 20(2) C4A) 4736(1) 11098(3) 1213(3) 30(1)
C(8) 3841(1) 9049(1) 933(1) 18(2) C(5A) 4958(1) 10187(2) 1470(2) 32(2)
C(9) 3611(2) 8921(1) 47(2) 16(1) C(6A) 4911(2) 9296(2) 988(2) 28(1)
C(10) 3324(1) 9721(1) —441(1) 17(2) C(7A) 4643(1) 9118(2) 174(2) 25(1)
C(11) | 3629(1) 6937(1) | —2112(1) | 16(1) || O(1B) | 4473(1) 6545(2) | —350(1) | 31(1)
C(12) 3428(1) 6924(1) | -1628(1) 17(1) 0(2B) 4875(1) 6626(2) |—-1151(2) 47(2)
C(13) 3220(1) 6007(1) | -1583(1) | 20(1) C(1B) 4482(1) 5678(3) | —669(2) 20(2)
C(14) 3198(1) 5173(1) | —-2065(1) | 20(1) C(2B) 4722(1) 5690(3) |—1124(2) 27(1)
C(15) 3337(1) 4286(1) | —3097(1) 19(2) C(3B) 4798(1) 4900(3) |—1521(2) 39(2)
C(16) 3571(1) 4258(1) | -3506(1) | 21(2) C(4B) 4669(4) 3837(7) | —1644(7) 47(4)
C(@17) 3827(1) 5109(2) | —3489(1) | 23(1) C(5B) 4408(3) 3430(6) |—1382(6) 37(3)
C(18) 3860(1) 6019(1) | —-3049(1) | 20(1) C(6B) 4233(1) 3815(3) | —886(2) 35(1)
C(19) 3630(1) 6062(1) | —2581(1) 16(1) C(7B) 4264(1) 4797(2) | -584(2) 28(1)
C(20) 3386(1) 5178(1) | —2587(1) 17(1) O(1A) | 4418(2) 8523(5) | —825(4) 29(2)
C(21) 2836(1) 8553(2) | —2595(1) | 25(1) O(2A) | 4886(2) 8276(6) 722(5) 37(2)
C(22) 4177(2) 8372(1) 1512(1) | 22(2) C(1A) | 4448(3) 9311(7) | —393(6) 24(2)
C(23) 2977(1) | 11536(2) -597(1) | 24() C(2A) | 4720(4) 9228(7) 490(8) 23(3)
C(24) 3176(1) | 12622(2) —-344(1) | 30(1) C(3A) | 4842(4) 9967(8) 1090(7) 29(2)
C(25) 2540(1) | 11452(2) —-633(2) | 33(1) C(4A) | 4698(8) 10997(12) | 1010(12) | 56(9)
C(26) 3012(1) 5933(2) | —1041(2) | 34(1) C(B5A) | 4422(7) 11516(17) | 309(8) 32(6)
C(27) 4152(1) 6800(2) | —3056(1) | 27(1) C(6A") | 4185(4) 11136(9) | —484(8) 25(3)
C(28) 3029(1) 3411(2) | —-3195(1) | 24(1) C(7A) | 4196(3) 10198(7) | —800(6) 27(2)
C(29) 2723(1) 3162(2) | —4101(1) | 35(12) O(1B") | 4203(1) 5599(4) | —364(3) 33(1)
C(30) 3261(2) 2440(2) | -2722(2) | 41(1) O(2B) | 4023(2) 3753(4) | —765(3) 42(1)
o(1) 3916(1) 7243(1) 97(1) | 20(1) C(1B) | 4385(2) 5249(6) | —738(4) 20(2)
0(2) 4340(1) 8477(1) 2270(1) | 29(1) C(2B) | 4299(2) 4174(6) | —982(5) 30(2)
0(3) 3920(1) | 10102(1) 2072(1) | 29(1) C(3B") | 4440(9) 3458(16) | —1344(17) | 61(9)
o(4) 3395(1) | 11533(1) 1155(1) | 27(2) C@4B) | 4703(10) 3831(19) | —1652(19) | 56(9)
o(5) 3828(1) 7817(1) | -2170(1) | 22(1) C(5B") | 4940(3) 4692(6) |—1627(5) 38(2)
0(6) 4345(1) 6712(1) | -3465(1) | 37(1) C(6B") | 4912(2) 5627(5) |—1272(4) 32(2)
o(7) 4034(1) 4972(1) | —-3930(1) | 35(1) C(7B) | 4672(2) 5864(5) | —899(4) 24(2)

CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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Fig. 1. Structures of the gossypol and tropolone molecules (for clarity, only the dominant orientations of the guest molecules are

shown).

An experimental set of 26957 reflections (MoK,
radiation, sharp-focused tube, graphite monochroma
tor) was collected at 100(2) K in acomplete reciprocal-
space sphere and consisted of three runs with the ¢
angles equal to 0°, 88°, and 180°. The exposure time
was 30 s per frame, and the w step was 0.3°. The crys-
tal-to-detector distance was 4 cm, and the swing angle
of the detector was —35°. For each run, the coverage
was ~99%. Crystal decomposition was controlled by
measuring 30 frames at the beginning and the end of
data collection. For acrystal 0.25 x 0.25 x 0.25 mm in
size, the absorption coefficient g was equal to
0.098 mm, F(000) = 1888, the 6 range was 1.30°—
28.39°, and the index rangeswere 47 <h < 44, -16 <
k<17, and —16 <1 < 24. Correction for absorption was
introduced with the SADABS programs [§].

A set of 7307 observed reflections that was used in
calculations was obtained after averaging the equiva-
lent reflections (9282 unique reflections, R, = 0.038)
and disregarding the weak reflections [I < 2a(l)]. The
structure was solved by the direct method with the
SHEL XS86 program package [9] and refined by the
full-matrix least-squares procedure in the anisotropic
approximation using the SHEL XL 93 program package
[10]. The hydrogen atoms of the gossypol molecules
were located from the difference Fourier synthesis.
Because of the disorder of tropolone molecules, their
hydrogen atoms were positioned geometrically. The H
atoms of the gossypol molecule and of the hydroxyl
groups of the tropolone molecules were refined isotro-
pically, and the remaining hydrogen atoms of tropolone
were refined according to the riding model. The final
discrepancy factor was R = 0.058 (Ap, ., = 1.160 eA=3

CRYSTALLOGRAPHY REPORTS Vol. 47 No. 3
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and Ap,;, = —1.862 eA—3). The coordinates of the non-
hydrogen atoms are listed in Table 1. The molecular
structure of the complex and the atomic numbering are
shownin Fig. 1. The molecular graphicswas performed
with the XP program in the SHELXTLPLUS software
package [11].

RESULTS AND DISCUSSION

Like other crysta modifications of gossypol, the
gossypol molecule in the complex studied has an alde-
hyde tautomeric form [12, 13], which is characterized
by alarge number of O-H---O and C—H:--O intramolec-
ular hydrogen bonds (Table 2) [12]. The C(24)—
H---O(4) [C(29)-H---O(8)] hydrogen bond is responsi-
ble for the orientation of the isopropyl group with the
H(23) [H(28)] hydrogen atom facing the H(4) [H(14)]

0(24) T/

Fig. 2. Mutua orientation of the guest molecules (the dom-
inant orientations of molecules A and B are shown by solid
lines).



446

TALIPOV et al.

Table 2. Hydrogen bondsin the structure of the 1 : 2 complex of gossypol with tropolone

Intramol ecular bonds
D-H[A hydrogen bond
DA, A D-H, A HIA, A D-HITA, dey
Gossypol
O(3)-HID(2) 2.497(2) 0.86(3) 1.69(3) 151(3)
O(4)-HID(3) 2.600(2) 0.81(3) 2.12(3) 118(3)
C(22)-HID(1) 2.750(2) 0.98(3) 2.14(2) 118(2)
C(24)-H24AMD(4) 2.875(3) 1.05(4) 2.30(2) 113(2)
O(7)-H [D(6) 2.468(2) 0.91(3) 1.50(3) 158(3)
O(8)-HD(7) 2.623(3) 0.89(3) 2.08(3) 118(2)
C(27)-HID(5) 2.753(2) 0.96(3) 2.10(2) 125(2)
C(29)-H29A [D(8) 2.879(3) 1.03(4) 2.33(3) 112(2)
Tropolone*
O(A)-HIID(14) 2.509(4) 0.82(4) 1.88(4) 133(4)
O(2B)-HIID(1B) 2.511(4) 0.89(4) 1.89(4) 126(4)
Intermolecul ar bonds
O—H D hydrogen bond
symmetry code oo, A O-C, A H D, A O-H[D, dey

O(5)-H [MD(1A) 2.704(2) 0.78(3) 1.96(3) 160(3)
O(5)-H [MD(1A) 2.544(7) 0.78(3) 1.90(3) 140(3)
O(1)-HD1B 2.646(3) 0.91(3) 1.76(3) 163(3)
O(1)-HMD(1B") 2.665(5) 0.91(3) 1.88(3) 143(3)
O(8)-HID(1) X,1-y,-05+2z 2.756(2) 0.89(3) 2.05(3) 135(2)
O(4)-HID(5) X,2-y,05+z 2.861(2) 0.81(3) 2.15(3) 147(3)

* The data are given only for the dominant positions of the tropolone molecules.

atom. The O(4)—H---O(3) [O(8)-H--O(7)] and O(3)—
H--O(2) [O(7)—H---O(6)] hydrogen bonds close the
five-membered and six-membered rings, respectively
(Fig. 1). The C(1)—-C(10) and C(11)—C(20) naphthyl
nucle are planar, and the dihedral angle between their
rms planesis 80.59(7)°.

In the crystal, each tropolone molecule is disordered
over two positions. The site occupancies of the dominant
positions are 0.79 and 0.67 for molecules A and B,
respectively (Fig. 2). In both tropolone molecules, the
O(1A) [O(1B)] carbonyl atoms are involved in hydrogen
bonds with the gossypol molecules [O(1)—H-- O(1A)
and O(5)-H---O(1B), Table 2] and the hydroxyl groups
participate in intramolecular hydrogen bonds. The rms
planes of the naphthyl nuclei and the tropolone mole-
cules are dmost parale (the angle between the C(1)—
C(10) nucleus and molecule A is 9.4°, and the angle
between the C(11)—C(20) nucleus and molecule B is
8.5°). Analysis of the arrangement of the disordered
guest moleculesreveal sthat the symmetry of the gossy-
pol : tropolone associate is disturbed because of the dif-
ferent arrangement of the dominant orientations with
respect to the corresponding naphthyl nucleus. For

CRYSTALLOGRAPHY REPORTS Vol. 47

example, the hydroxyl group in molecule B is directed
toward the neighboring aldehyde group of the gossypol
molecule, whereas the hydroxyl group in molecule Ais
antiparallel to the aldehyde group of the other half of
the gossypol molecule (Fig. 1). Thisassociate would be
symmetric either for acombination of the preferred ori-
entation of molecule A and the minor orientation of
molecule B or for the reverse combination. Thus, an
individual supramolecular associate is asymmetric and
this asymetry is more energetically favorable, since the
tropolone molecules in this associate are held not only
by the hydrogen bonds but also by the dipole—dipole
interactions. This conclusion is supported by the fol-
lowing short interatomic contacts between the naph-
thyl nuclei and the corresponding tropolone mole-
cules: C(1A)--C(9), 3.29 A; C(6A)--C(22), 3.41 A;
C(2A)--C(10), 3.43 A; C(1B)--C(11), 3.36 A; and
O(2B)--C(27), 3.24 A.

In the crystal, the gossypol molecules are linked by
the O(8)-H--O(1) and O(4)—H---O(5) hydrogen bonds
(Table 2). Both hydroxyl groups [O(1)—H and O(5)-H]
act as proton acceptors, which is uncommon for gossy-
pol crystals[4, 5]. Each gossypol moleculeislinked to

No. 3 2002
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Fig. 3. A monolayer consisting of the gossypol molecules.

447

four molecules (Fig. 3) that are related to the reference
molecule by the glide-reflection planes. This resultsin
the formation of an infinite monolayer that is aligned
paralel to the bc plane and has inequivalent surfaces.
The surface of the monolayer that faces the guest mol-
ecules is more hydrophilic, and, on this side of the
layer, the gossypol molecules are bonded to the guest
molecules. The guest molecules are linked by weak
dipole—dipole interactions (the interplanar spacing is
~3.50 A) into specific bilayersthat lie between the gos-
sypol monolayers (Fig. 4). The other surface is more
hydrophobic and isin contact with a similar surface of
the neighboring inversion-related layer. The contacts
between the layers are characterized by the
C(29)--C(29) (3.40 A) and C(25)---C(25) (3.68 A) van
der Waals interactions. The interactions between the
monolayers of the gossypol molecules result in the for-
mation of an infinite bilayer.

Thus, in the crystal structure, the host (gossypol)
and guest (tropolone) molecules form separate bilayers
that are aligned parallel to the bc plane and alternate
along the a-axis. Note that this mode of association of
the host molecules with one another and with the guest
molecules is observed for the first time.

y
Fig. 4. Crystal structure of the 1 : 2 complex of gossypol with tropolone.

CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002



448 TALIPOV et al.

ACKNOWLEDGMENTS

S.AA. Taipov and B.T. Ibragimov acknowledge the
support of the Foundation for Basic Research of the
State Committee for Science and Technology, contract
no. 4/99. We a so acknowledge the support of the Rus-
sian Foundation for Basic Research in the payment of
the license for using the Cambridge Structural Data-
base, project no. 99-07-90133.

REFERENCES

1. A. L. Markman and V. P. Rzhekhin, Gossypol and Its
Derivatives (Pishchevaya Promyshlennost’, Moscow,
1965).

2. B. T. lbragimov, S. A. Tdipov, and P. M. Zorky,
Supramol. Chem. 3, 147 (1994).

3. B. T. lbragimov and S. A. Talipov, Mal. Cryst. Liq.
Cryst. 276, 305 (1996).

4. M. Gdaniec, B. T. Ibragimov, and S. A. Taipov, in Com-
prehensive Supramolecular Chemistry, Vol. 6: Solid
Sate Supramolecular Chemistry: Crystal Engineering,
Ed. by D. D. MacNicol, F. Toda, and R. Bishop (Perga-
mon, New York, 1996), p. 117.

5.

N o

10.

11

12.

13.

B. T. Ibragimov and S. A. Talipov, Zh. Strukt. Khim. 40,
849 (1999).

J. Dewar, Nature (London) 155, 50 (1945).

H. Shumanouchi and Y. Sasada, Acta Crystallogr. Sect.
B: Struct. Crystallogr. Cryst. Chem. 29, 81 (1973).

G. M. Sheldrick, SADABS Program for the Empirical
Absorption Correction of Area Detector Data (Univ. of
Gottingen, Gottingen, 1996).

G. M. Sheldrick, Acta Crystallogr., Sect. A: Found.
Crystallogr. 46, 467 (1990).

G. M. Sheldrick, SHELXL93: Program for the Refine-
ment of Crystal Sructures (Univ. of Gottingen, Gottin-
gen, 1993).

Semens XP: Molecular Graphics Program. Version 5.03
(Siemens Analytical X-ray Instruments Ins., Madison,
Wisconsin, 1994).

B. T. lbragimov, Z. G. Tiljakov, K. M. Beketov, and
S.A. Tdipov, J. Inclusion Phenom. Mol. Recognit.
Chem. 27, 99 (1997).

F. G. Kamaev, N. |. Baram, A. |. Ismailov, et al., lzv.
Akad. Nauk SSSR, Ser. Khim., 1003 (1989).

Tranglated by |. Polyakova

CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002



Crystallography Reports, Vol. 47, No. 3, 2002, pp. 449-451. From Kristallografiya, Vol. 47, No. 3, 2002, pp. 494-496.
Original English Text Copyright © 2002 by Rajnikant, Gupta, Deshmukh, Varghese, Dinesh.

STRUCTURES OF ORGANIC

COMPOUNDS

Crystal Structure Analysis of 4-Phenylquinolin-2-(1H)-one*

Rajnikant®*, V. K. Gupta® M. B. Deshmukh®, B. Varghese®, and Dinesh?
a X-ray Crystallography Laboratory, Post-Graduate Department of Physics,
University of Jammu, Jammu Tawi, 180006 India
b Department of Chemistry, Shivaji University, Kolhapur, 416004 Maharashtra, India

¢ Regional Sophisticated Instrumentation Center, Indian Institute of Technology, Chennai, 600036 India
e-mail: rajni_kant_verma@hotmail.com
Received January 15, 2001; in final form, March 12, 2001

Abstract—The crystal structure of 4-phenylquinolin-2-(1H)-one (Cy5H1,NO) is determined by X-ray diffrac-
tion. The compound crystallizes in the orthorhombic crystal system (space group Pbca) with the unit cell
parametersa = 7.382(2) A, b=21.795(3) A, ¢ = 14.066(5) A, and Z = 8. The structure is solved by direct meth-
ods and refined to an R-value of 0.0398 for 1360 observed reflections [F, > 40(F)]. The quinoline moiety and
the substituted phenyl ring are nearly planar. The dihedral angle between these two moietiesis 64.65(6)°. The
crystal structure is stabilized by two intermolecular N-H--O and C-H---O interactions. © 2002 MAIK

“Nauka/Interperiodica” .

INTRODUCTION

Alkaloids containing a quinoline moiety are of con-
siderable interest due to their biological properties
[1-3]. Quinoline derivatives possess high antibacterial,
antiarrhythmic, and antihypertensive activities [4, 5].

EXPERIMENTAL

4-Phenylquinolin-2-(1H)-one was synthesized by
adding amixture of aniline (0.1 mol) and ethyl benzoyl
acetate (0.1 mol) in dioxane (50 ml) in a round bot-
tomed flask, heated with reflux condenser for three or
four hours on an oil bath, cooled, and neutralized with
sodium carbonate. The separated oil was extracted in
chloroform. Removal of the solvent under vacuum gave
heavy oail, which was distilled under reduced pressure.
A mixture of benzoylacetanilide (0.1 mol) and concen-
trated sulfuric acid (20 ml) was heated on an oil bath
with stirring at 70-80°C for 30 min and at 100°C for

:*This article was submitted by the authorsin English.
Author for correspondence.

NH2 . \C
@ + CgH5COCH,COOC,Hs Do @\ I_q
e

1 h, then cooled, and poured in ice water (500 ml) with
continuous stirring. The resultant solid was filtered off
and recrystallized from ethanol. The reaction mecha
nismisshowninFig. 1[6].

Three-dimensional intensity data for pale yellow
needle-shaped crystals of 4-phenylquinolin-2-(1H)-one
(the melting point is 553 K) were collected on an
Enraf—Nonius CAD4 diffractometer (MoK, radiation,
A =0.71073 A, w28 scan mode). The unit cell parame-
terswere obtained from aleast-squares fit of the setting
angle of 25 reflections in the range of 7.96° < 0 <
13.21°. A total of 1987 reflections were found to be
unique (8 <h<0,0<sk<25 0< 1| < 16), ad
1360 reflections were observed [F, > 40(F;)]. Two

standard reflections (260 and 1110) measured every
100 reflections showed no significant variation in the
intensity data. The reflection data were corrected for
Lorentz and polarization effects. Absorption and
extinction corrections were not applied.

The structure has been solved by using the
SHEL XS97 program [7]. All the non-hydrogen atoms
of the molecule were located from the E-map. The full-

Cyclization | A
N~ ~O

| |
H H

COCgHs

Fig. 1. Scheme of the chemical reaction.
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Table 1. Crystal data and structure refinement details

RAIJINIKANT et al.

Crystal habit

Empirical formula
Molecular weight
Temperature

Wavelength

Crystal system, space group
Unit cell parameters:

Volume

Z, density (calcd)

Absorption coefficient

F(000)

Crystal size

0 range for data collection

Index ranges

Reflections collected/unique

M aximum and minimum transmission
Refinement method
Datalrestraints/parameters
Goodness-of-fit on F2

Final R factors [Fq > 20(F)

R factors (all data)

Residual (maximum and minimum) electron densities

Pale yellow needles
CysHuNO

221.25

293(2) K

0.71073
Orthorhombic, Pbca

a=7.382(2) A, b=21.795(33) A,
c=14.066(5) A, a =B =y=90°

2263.1(11) A3

8, 1.299 g/cm?

0.082 mm

928

0.45 % 0.14 x 0.04 mm
2.36°—24.98°
-8<h<0,0<k<25,0<1<16
1987/1987

0.99 and 0.95

Full-matrix | east-squares on F?
1987/0/155

1.106

R, = 0.0398, WR, = 0.0830

R; = 0.0744, WR, = 0.1073
0.162 and —0.133 e A3

Table 2. Atomic coordinates and equivalent isotropic thermal
parameters (A?) for non-hydrogen atoms (e.s.d’sare given in
parentheses)

Table 3. Bond lengths (A) and bond angles (deg) for non-
hydrogen atoms of the quinoline moiety (e.s.d.’saregivenin
parentheses)

Atom X y z U:q
N(1) | 0.2087(2) | 0.4601(1) | 0.0169(1) | 0.044(1)
O(1) [=0.0035(2) | 0.4426(1) |-0.0961(1) | 0.059(1)
C(2) 0.1446(3) | 0.4281(1) |-0.0588(2) | 0.045(1)
C(@3) 0.2570(3) | 0.3786(1) |—0.0919(2) | 0.046(1)
C@4) | 0.4189(3) | 0.3648(1) |-0.0515(2) | 0.041(1)
CG5) | 0.6441(3) | 0.3890(1) | 0.0779(2) | 0.050(1)
C(6) 0.6941(3) | 0.4245(1) 0.1540(2) | 0.057(1)
C(7) 0.5847(3) | 0.4729(1) 0.1833(2) | 0.054(1)
C@8) | 0.4256(3) | 0.4852(1) | 0.1371(1) | 0.044(1)
CO) | 0.37203) | 0.4486(1) | 0.0612(1) | 0.038(1)
C(10) | 0.4811(3) | 0.4003(1) 0.0292(1) | 0.039(1)
C(11) | 0.5317(3) | 0.3136(1) |—-0.0897(1) | 0.041(1)
C(12)| 0.4692(3) | 0.2539(1) |—-0.0868(2) | 0.053(1)
C13)| 0.57203) | 0.2065(1) |-0.1235(2) | 0.061(1)
C(14) | 0.7370(3) | 0.2183(1) |-0.1647(2) | 0.058(1)
C(15)| 0.8008(3) | 0.2775(1) [-0.1679(2) | 0.058(1)
C(16) | 0.6998(3) | 0.3249(1) [-0.1303(2) | 0.051(1)

" Ueg= (W33 3 Ujjar a (&, ).
('

N(1)-C(2) 1.358(3)| C(7)-C(8) 1.369(3)
N(1)-C(9) 1.380(3)| C(8)-C(9) 1.390(3)
O(1)-C(2) 1.253(3)| C(9)-C(10) 1.400(3)
C(2)-C(3) 1.438(3)| C(5)-C(6) 1.371(4)
C(3)-C(4) 1.357(3)| C(5)-C(10) 1.406(3)
C(4)-C(10) 1.448(3)| C(6)-C(7) 1.391(3)
C(4)-C(11) 1.492(3)

C(2)-N(1)-C(9) [124.4(2)| C(8)-C(9)-C(10) | 121.0(2)
N(1)-C(2)-0(1) |120.2(2)| N(1)-C(9)-C(10) | 119.6(2)
O(1)-C(2)-C(3) [123.8(2)| C(5)-C(10)-C(9) | 117.9(2)
N(1)-C(2)-C(3) |116.0(2)| C(4)-C(10)-C(9) | 118.1(2)
C(2)-C(3)-C(4) |122.6(2)| C(4)—-C(10)-C(5) | 124.0(2)
C(3)-C(4)-C(11) |120.4(2)| C4)-C(11)-C(16)| 120.9(2)
C(3)-C(4)-C(10) [119.3(2)| C(4)-C(11)-C(12)| 120.5(2)
C(10)-C(4)-C(11)|120.3(2)| N(1)-C(9)-C(8) | 119.4(1)
C(6)-C(5)-C(10) |120.8(2)| C(5)-C(6)-C(7) | 120.2(2)
C(6)-C(7)-C8) [120.4(2)| C(7)-C(8)-C(9) | 119.8(2)
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o)

N(1)
ca3)
C9)
c(14) g .
cas, €10

C(7)

C(6)

Fig. 2. A general view of the moleculewith the atomic num-
bering.

matrix least-squares refinement of the structure has
been carried out using the SHELXL97 program [8].
The positional and thermal parameters of the non-hydro-
gen atomswererefinedisotropically. Out of 11 hydrogen
atoms, the hydrogen atom attached to the nitrogen atom
was located from the difference Fourier map. Its posi-
tional and isotropic temperature factors were refined and
the remaining hydrogen atoms were fixed stereochemi-
cally. Few cycles of the refinement with anisotropic ther-
mal parametersfor the non-hydrogen atomsresulted into
the final R-factor of 0.0398 with wR(F?) = 0.0830. The
maximum and minimum residual electron densitieswere
equal to 0.16 and —0.13 eA-3, respectively. The atomic
scattering factors were taken from the International
Tablesfor Crystallography (1992, Vol. C: Tables 4.2.6.8
and 6.1.1.4). The crystallographic data are listed in
Table 1.

RESULTS AND DISCUSSION

The final atomic coordinates and equivalent isotro-
pic displacement parameters for al the non-hydrogen
atoms are listed in Table 2. The bond lengths and bond
angles of the quinoline moiety are presented in Table 3.
The chemical reaction isillustrated in Fig. 1. The gen-
eral view of the molecule with the atomic numbering
(thermal elipsoid is drawn at a 50% probability) is
shown in Fig. 2 [9]. The geometric calculations were
performed using the PARST program [10].

The bond lengths agree well with the values
reported in the literature for some anal ogous structures
containing quinoline moieties [11-15]. The mean bond
lengths C(sp?)-N 1.369(3) A are quite close to their
theoretical values [16]. Both rings (A and B) of the
guinoline moiety adopt almost planar conformations
with average torsion angles of 1.2(3)° and 1.0(3)°,
respectively. The phenyl ring (C) also existsin aplanar
conformation with an average torsion angle of 0.6(4)°
and shows a dihedral angle of 64.65(6)° with the quin-
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oline moiety. The O(1) atom of the ketone group devi-
ates from the A plane by 0.026(1) A. The crystal struc-
ture is stabilized by two intermolecular interactions
[N(1)--O(1), 2.834 A; H(1)--O(1), 1.98 A; N(1)-
H(1)---O(1), 176°; and symmetry code: X,y + 1, —zand
C(16)--O(1), 3.407 A; H(16)--0O(1), 2.57 A; C(16)—
H(16)---O(1), 150°; and symmetry code: x + 1, y, Z].

ACKNOWLEDGMENTS

Dinesh acknowledges the support of the University
of Jammu, Government of India, for research funding
under the University Scholarship Program.

REFERENCES

1. D.Zachariasand J. P. Glusker, ActaCrystallogr., Sect. C:
Cryst. Struct. Commun. 44, 1656 (1988).

2. D.H. Hua, Y. Chen, H.-S. Sin, et al., J. Org. Chem. 62,
6888 (1997).

3. S'W.Newell, E. M. Perchellet, J. B. Ladesich, et al., Int.
J. Oncaol. 12, 433 (1998).

4. G. Jones, Chemistry of Heterocyclic Compounds: |. Quino-
lines, Ed. by G. Jones (Wiley, Chichester, 1977), Vol. 32,
p. 93.

5. F. S. Yates, Comprehensive Heterocyclic Chemistry, Ed.
by A. R. Katrizky and C. W. Rees (Pergamon, New York,
1984), Vol. 2, p. 511.

6. M. B. Deshmukh, private communication (Shivaji Univ.,
Kohapur, India, 1999).

7. G. M. Sheldrick, SHELXS97: Program for the Solution
of Crystal Sructures (Univ. of Géttingen, Gottingen,
1997).

8. G. M. Sheldrick, SHELXL97: Program for the Refine-
ment of Crystal Sructures (Univ. of Géttingen, Gottin-
gen, 1997).

9. M. N. Burnett and C. K. Johnson, ORTEP-III: Report
ORNL-5138 (Oak Ridge National Laboratory, Tennes-
see, 1996).

10. M. Nardelli, Comput. Chem. 7, 95 (1983).

11. G. Giorgi, A. Cappelli, M. Anzini, and S. Vomero, Acta
Crystallogr., Sect. C: Cryst. Struct. Commun. 54, 1127
(1998).

12. Y. K.Yan, N. K. Goh, and L. E. Khod, Acta Crystalogr.,
Sect. C: Cryst. Struct. Commun. 54, 1322 (1998).

13. B. J. Prince and M. M. Turnbull, Acta Crystallogr.,
Sect. C: Cryst. Struct. Commun. 54, 1178 (1998).

14. D. H. Hua, Y. Chen, H.-S. Sin, et al., Acta Crystallogr.,
Sect. C: Cryst. Struct. Commun. 55, 1698 (1999).

15. J.Lokaj, V. Kettmann, V. Machacer, and A. Halama, Acta
Crystallogr., Sect. C: Cryst. Struct. Commun. 55, 1101
(1999).

16. L. E. Sutton, Tables of Interatomic Distances and Con-
figuration in Molecules and lons (The Chemical Society,
London, 1965), Chemical Society (Great Britain), Spec.
Publ., No. 18.



Crystallography Reports, Vol. 47, No. 3, 2002, pp. 452—466. Translated from Kristallografiya, Vol. 47, No. 3, 2002, pp. 497-513.

Original Russian Text Copyright © 2002 by Bokij.

REVIEW.

CRYSTAL CHEMISTRY

Systematics of Mineralsin the Class of Nonmetals

G. B. Bokij '
Institute of Geology of Ore Deposits, Petrography, Mineral ogy, and Geochemistry, Russian Academy of Sciences,
Saromonetnyi per. 35, Moscow, 109017 Russia
e-mail: furm@rsa.crystal.msk.su
Received January 18, 2001

Abstract—At present, the systematics of mineralsis still far from satisfactory. There are no two monographs
or reference books on mineral ogy based on the same systematics. Only the Berzelius concept formulated at the
beginning of the 19th century, according to which the minerals are recognized to be natural chemical com-
pounds, is the commonly accepted statement. All authors use only one additional section with ataxon for min-
erals consisting of metals only, whereas none of these authors uses a special section with minerals consisting
of nonmetal chemical elements only. The present article is dedicated to just these minerals. © 2002 MAIK

“ Nauka/Interperiodica” .
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1. INTRODUCTION

We consider aclass of mineralswhose chemica com-
position has no metals and consists only of nonmetal ele-
ments. Earlier, we developed the systematics of minerals
in the silicate and oxide classes [1, 2]. We aso consid-
ered some general problemsof mineral classification and
suggested using the decimal symbols for their descrip-
tion. This classification was based on the Periodic Sys-
tem of chemical elements. The same principlesand sym-
bols are aso usad in this study. The development of an
essentially new science—crystal chemistry—in the 20th

T Deceased.

9.2.3. Suborder /426
9.3. Order 2100/43
9.4. Order 2100/44
10. Subclass 2100/5
10.1. Order 2100/51
10.2. Order 2100/52
10.3. Order 2100/53
10.4. Order 2100/54
10.5. Order 2100/55
10.5.1. Suborder /557
11. Subclass 2100/6
11.1. Order 2100/61
11.2. Order 2100/62
11.3. Order 2100/63
11.4. Order 2100/64
12. Subclass 2100/7
13. Subclass 2100/9 Hydrates
14. Conclusion

century led to the creation of arather rigorous classifica
tion of chemical compounds, including minerals, using
the taxa lower than the taxon class.

At the beginning of the 19th century (mainly in the
period 1814-1824), J. Berzelius extended his concept
of the electrochemical nature of compoundsto minerals
[3, 4]. He divided all the chemical elements into two
groups—el ectronegative nonmetals and el ectropositive
metals—and assumed that every chemical compound
(including minerals) consists of two parts—positive
and negative. He also suggested classifying minerals

1 Hereafter, the taxa of the suggested classification are printed in
italic.

1063-7745/02/4703-0452%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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according to their chemical composition instead of
their physical properties (specific weight, color, hard-
ness, etc.) and combining them into groups according
to the electronegative elements (O, S, ...) or complex
anions (OH, SO,, etc.).

Berzelius works were reviewed in detail by
Solov’ ev and Korennoi [5], who also referred the reader
to the Russian trandlations of Berzelius' articles regu-
larly published in Gornyi Zhurnal in the period from
1828 to 1832.

In Berzdius' time, only about 300 minerals (now
their number is about 4000) and about 60 chemical ele-
ments were known, of which Si, Th, Ce, and Se were
discovered by Berzelius himself. Berzelius and hisfol-
lowers continued combining the minerals possessing
the same anions in groups, because it was noticed that
minerals having the same anion and severa different
cations have more similar properties than the minerals
with the same cation and different anions. This resulted
in the use of taxa that are intermediate between the
kingdom of minerals and mineral species, in particular,
mineral classes. However, thelevel of chemistry in that
time was insufficient for creating rigorous a classifica
tion of minerals and, moreover, for enumerating miner-
alswithin individual groups. Even the Periodic System
had not been discovered as yet (Mendeleev, 1869).

Inthisarticle, theterms“mineral” and “mineral spe-
cies’ and also the terms “systematics’ and “ classifica-
tion” are used as synonyms. Only crystalline sub-
stances are considered as objects of mineralogical clas-
sification. Other objects, such as amorphous, metamict,
liquid (with the exception of mercury), and gaseous
states of natural substances, which should have been
considered as the objects of mineralogy [6], are not
considered in this article. Earlier, in order to avoid the
confusion in the mineral systematics, | suggested call-
ing these substances “mineraloids.”

2. MODERN STATE OF MINERAL
CLASSIFICATION

One can judge the modern state of mineralogical
classification by comparing the first two taxa for the
kingdom of minerals suggested by various authors
(Table 1).

Inconsistency in the division and the taxa used in
modern mineralogical classifications suggested by dif-
ferent authors is really amazing. In each new mono-
graph or reference work, a new classification negating
the previous one is suggested without any explanations.

How many years is the modern mineralogical clas-
sification behind the biological one?

Since the last Berzelius publication (1824), no
breakthrough has been made in mineral systematics, so
that mineralogical classification is behind the biologi-
cal one by about 175 years. The principles of mineral
systematics considered in this article were stated in
detail in my earlier publication [1]. The names of the
minerals are given in accordance with handbook [7].
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3. DEFINITION OF NOTIONS “METALS’
AND “NONMETALS’ FOR CHEMICAL
ELEMENTS

Upon the discovery of the Periodic Law by Men-
deleev in 1869, it became possible to consider the
notions “metal” and “nonmetal” at a higher level. It is
well known that among the chemical elementsthere are
typical metals (Cu, Au, Fe) and typica nonmetals
(O, S, halogens), but the boundary between them and
properties determined by them are still an open ques-
tion.

Thus, the latest edition of the Chemical Encyclope-
dia [8] has no entry “nonmetals’ at all. The notion
“metals’ is defined, first and foremost, by a number of
specific properties of the corresponding elemental sub-
stances, e.g., by high electrical conductivity and ther-
mal capacity, the ability to reflect light waves (luster),
plasticity, and ductility. At present, one of the most
important characteristics of metals is considered to be
the negative thermal coefficient of electric conductivity
[8]. Of course, all these properties are not the properties
of the chemical elements themselves but of the elemen-
tal substances which, while in the crystalline state, can
be minerals.

At the same time, it was indicated [8] that an ele-
ment can be attributed either to metals or nonmetals
only upon the consideration of the physical properties
of the corresponding elemental substance and the
chemical properties of the element. In this connection,
we should like to indicate that the metals from the
neighboring groups of the Periodic Table can have the
same valence in compounds and can crystallize as ele-
mental substances within the same structure type.
Unlike metals, nonmetals from the neighboring groups
always show different valences in the compounds and
the structures of the corresponding elemental sub-
stances.

All the elemental substances in the crystaline state
have atomic structures, which, to a large extent, deter-
mine their physical properties. Therefore, when defin-
ing the notion of a metal, one has aso to take into
account the crystal structure. Asarule, the structures of
metals under normal conditions are characterized by
rather high symmetries and high coordination numbers
(c.n.) of atoms equal to or higher than eight, whereas
the structures of crystalline nonmetals under normal
conditions are characterized by lower symmetries and
coordination numbers of atoms (2—4) and usually obey
the Hume-Rothery rule, c.n. = 8 — N, where N is the
number of the group of the element in the Periodic
Table [however, for boron (from group 3), it equals
either 6 or 4 instead of 5].

It was indicated [8] that the boundary between met-
als and nonmetals in the Periodic Table established on
the basis of the physical properties of elemental sub-
stances lies along the diagona from B to At (dashed
lineinTable 2). Itisalsoindicated [8] that Geisusually
considered as anonmetal and Sb asasemimetal. The z-
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Table 1. Thefirst two divisions (taxa) in the classification of minerals suggested by different authors

Author (year) First division Second division
A.A. Godovikov (1979) 2 kingdoms 6 types
A.S. Povarennykh (1966) 4 types 23 classes
A.G. Bulakh et al. (1955) 4 types 20 classes
A.A. Godovikov (1975) 5 types 16 classes
A.G. Betekhtin (1950) 6 divisions 18 classes

A.A. Godovikov (1997)

E.S. Dana (1937)

A.G. Bulakh (1999)

H. Schtrunz (1978)

E.l. Semenov (1991)

A.N. Winchell and H. Winchell (1953)
H. Schtrunz and E. Nikel (1997)
I. Kostov (1971)

K. Herblatt and K. Klein (1982)
I. Kostov (1993)

E.l. Semenov (1981)

New mineralogy by Dana (1997)
A.M. Clark (1993)

G.B. Bokij (1997)

7 types and quasi-types

8 without names

21 subtypes and quasi-subtypes

24 without name

9 types 30 classes

9 classes 39 orders

9 classes 57 subclasses

10 without names 19 without name
10 classes -
12 classes 23A,B,C...

13 without names

24 without names

13 classes 37 without names
18 classes 118 subclasses
22 without names 78 classes

32 without names -
7 subkingdoms 21 types

boundary established in our study [1] (solid line in
Table 2) divides the elemental substances into metals
(whose structures under normal conditions are character-
ized by the coordination number eight and higher) and
nonmetals with coordination numbers six or less. In our
case, both Ge and Sb are consistent with this boundary.
The above form of the Periodic Table is most convenient
for fixing the z-boundary. Asiswell known, the forms of
the Periodic Table are very diverse. Thus, Trifonov, who
considered this problem, indicates that the number of
variants of the Periodic Table exceeds 300 [9].

The z-boundary in the Periodic Table established
from the analysis of the atomic structures of the ele-
mental substances is confirmed by the analysis of the
electronegativities of chemical elements, the notion
closer to the notion of a chemical element than to the
notion of an elemental substance.

The term electronegativity was suggested in 1932
by Pauling [10], who studied problems of chemical
bonding. The electronegativity of an atom is deter-
mined by the energy of attraction of avalence electron
to the nucleus. Pauling’s book The Nature of the Chem-
ical Bond and the Sructure of Molecules and Crystals
[11] reflects numerous aspects of the problem.

There are numerous methods for determining elec-
tronegativity of atoms, but the results obtained by these
methods are often inconsistent. Table 3 indicates the
electronegativities of chemical elements below their

symbol according to [12] or [13]. The first study [12]
yields the data for various valence states of some ele-
ments and shows that electronegativity increases with
anincreaseinthe element valence. In[12], several elec-
tronegativity values are indicated for some complex
ions. Thedatalisted in [13] seem to be given for neutral
elements. In [13], hydrogen is located in subgroup 1A
and its electronegativity equals 2.1. Therefore, in
Table 3, it isin the same place, whereas the first upper
position corresponding to subgroup VIIB is occupied
by OH- with the electronegativity value 4.3 (according
to [12]). The existence of the z-boundary is confirmed
by the fact that on the right of this boundary, nonmetals
show atendency to decrease in electronegativity down
the subgroup, whereas on the left, metals show a ten-
dency to increase in el ectronegativity.

The main and additional classes of the mineral spe-
cies are defined in accordance with the established z-
boundary between the metals and nonmetals in the
Periodic Table.

4. TAXON CLASS

The taxon class is very important for mineral spe-
cies, because, in most of the cases, concrete mineras
can berelated to classes based on the data of the chem-
ica anaysis, whereas their relation to lower taxa
requires knowledge of their atomic structures.
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Table 2. Periodic system of chemical elements
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IA TIA IA IVA VA VIA VIIA VIIIA IB 1IB NIB IVB VB VIB VIIB VIIB
1 H He
2 Li Be B.. C N O F Ne
3 Na Mg Si - P S Cl Ar
4 K Ca Sc¢c Ti V Ct Mn Fe Co Ni Cu Zn Ge ™Ms_ Se Br Kr
5 Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In [(Sn Sb "Te I Xe
6 Cs Ba La Hf Ta W Re Os Ir Pt Au Hg TI i Po At Rn
7 Fr Ra Ac Ku Ns )
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Table 3. Electronegativity—the ability of atoms to attach electrons

H OH
21 4.3
Li Be B C N O F
10 15 20 25 30 35 40
Na Mg Al Si P S Cl
09 12 15 18 21 25 30
K Ca & Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br
08 10 13 15 16 16 15 18 18 18 19 16 16 18 20 24 28
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd |In Sh Te |
08 10 12 14 16 18 19 22 22 22 19 17 17 18 19 21 25
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg T Pb Bi Po At
07 09 11 13 15 17 19 22 22 22 24 19 18 18 19 20 22
Fr Ra Ac Th Pa U
07 09 11 13 15 19

Berzelius and his successors believed that the chemi-
cal formula of a mineral can always be represented by
cationsand anions. The only exception isagroup of met-
als. Such minerals as Cu, Au, and Fe were known long
before Berzelius. In particular, the native metals were
considered as one of the four constituent parts of the
kingdom of minerals—salts and acid substances, earth
substances (in particular, clay), combustible mineras
(sulfur, diamond), and metal substances (copper, gold,
etc.). A classis used as the first or the second taxon in
most suggested systems of mineras (Table 1). In the
zoological classification, class is the fourth taxon.
Higher taxa are subkingdom, phylum, and subphylum.
Therefore, we suggest using the taxon class aso in the
fourth place of the mineralogical classification.

Despite the complete chaos in the mineralogical
classification, we see that, beginning from the second
half of the 19th century, mineralogists in the whole
world were influenced by Berzelius works and based
their classifications on the chemical compositions of
minerals.
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It is expedient to compare the mineralogical classi-
fication with the biological classifications, e.g., with the
zoological one created by C. Linnaeusin 1735, because
they are the most developed ones and, what is very
important, are the same in the whole world. The objects
classified in biology exist irrespective of the human
activity, and most of the classifications widely used in
the 20th century were developed for industrial objects
(e.g., the classification of spare parts of automobiles).

Earlier [1], we made an attempt to enumerate all the
mineral classes. Of course, the rigorous enumeration of
all the classes can be made only upon the creation of a
complete systematics of al known mineral species
(about 4000). The number of classesis about 50. Thus,
on average, each class should contain about 80 miner-
als. However, some classes comprise a much larger
number of minerals; e.g., we considered 839 silicates
[1] and 428 oxides [2]. There are classes containing
only severa (from one to five) mineral species. We
started our studies with classes containing the largest
number of species.
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Indeed, minerals containing cations and anions are
most widespread in nature, and, therefore, the minerals
comprising most of the classes also consist of cations
and anions. These are the major classes. The modern
mineralogical classification also includes an additional
class (or alower taxon) of minerals consisting only of
metals. In recent years, the systematics of minerals
within the class of metals and intermetallic compounds
was repeatedly published [14, 15]. We suggest separat-
ing into an additional classthe minerals consisting only
of nonmetals. This class was never considered in any
other modern mineralogical classification.

5. DECIMAL SYMBOLS OF TAXA
IN THE SYSTEMATICS OF MINERALS

Thefirst numeral in adecimal symbol of each of the
major classes coincideswith the number of the group of
the anion (nonmetal element) in the Periodic Table
which can be located in groups from 3 to 8. Since
numera 1 and 2 have not been used, they can denote
two additional classes (of metals and nonmetals) in the
first place of the decimal symbol of amineral. Thus, the
class of metalsisdenoted by the symbol 1100/, and the
class of nonmetals, by the symbol 2100/, where aslash
separates the taxon class from lower taxa.

All the nonmetals are located to the right of the
z-boundary, whereas all the metals are on the left of this
boundary (Table 2). Not all of the elements located on
the right of the z-boundary are encountered in minerals.

Theseare, first of all, the noble gases, polonium, and
astatine. Negatively charged hydrogen H- is never
encountered in minerals, but an important hydroxyl
OH-ion is often found in minerals, and, since its elec-
tronegativity is higher than the electronegativity of F-,
itislocated inthefirst placein subgroup V11B (Table 3).

Metals in the symbols of minerals in the class of
nonmetals are indicated only if they substitute (in small
amounts) a certain nonmetal.

Nonmetal atoms in this class can be, first, isolated
anions, second, play the part of cations (which is char-
acteristic of heavy nonmetals), and, third, form com-

plex anions, e.g., NO; or sof‘.

It follows from the above that our mineralogical
classification isbased on 19 chemical elementsforming
the series B-C-Si-Ge-Sn—N-P-As-Sb-Bi-O-S-Se-
Te-H(OH)—+—CI-Br-, hereafter called a preference
series, in which each preceding element is more prefer-
able than the succeeding one.

For this series, the taxa are characterized by miner-
als containing only one nonmetal element (oxides, sul-
fides, etc.) or consisting of two or more taxon-deter-
mining chemical elements (nitrates, sulfates) with one
of them being the prevalent element. Thus, for NaNO,
and CaSO,, the prevalent element is oxygen. If amin-
eral contains an equal number of different nonmetals,
the preferred nonmetal is the one which is closer to the
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beginning of the preference series. Thus, in poyarkovite
Hg,OCl, the preferred nonmetal is oxygen and, there-
fore, this mineral is related to the class of oxides and
thereto thedivision (in this casethe order) in which the
mineral composition is determined by oxygen and non-
metal atoms from group VIIB of the Periodic Table. In
some instances, the number of preferred atoms in the
mineral can be lower than that of other nonmetals. In
such instances, a specia stipulation is always made.

Class 2100/ (nonmetals) is divided into subclasses
and orders over the subgroups of the Periodic Table.
The corresponding numerical indices are indicated
immediately after aslash. Thus, order 2100/31 signifies
that the preferred chemical element is located in the
first place in subgroup 111B; i.e., in the case under con-
sideration, this element is boron. Orders /41 and /42 of
subclass /4 are determined by the elements C and Si
located in the first and second places in subgroup 1VB
of the Periodic Table, etc.

If amineral is an elemental substance, the third and
fourth numerals (corresponding to suborder and fam-
ily) in their symbols are zeroes. If a mineral aso con-
tains some other chemical elements, the third and
fourth numerals of the symbol correspond, asarule, to
the numbers of the corresponding groups in the Peri-
odic Table and the positions of the elements in these
groups.

Only 13 elements of the total 19 nonmetal elements
form orders containing minerals. These orders belong
to four subclasses—/3, /4, /5, and /6, which include
13 orders—/31-B, /41-C, /42-Si, /43-Ge, /44-Sn, [52-P,
/53-As, /54-Sb, /55-Bi, /61-0, /62-S, /63-Se, and /64-Te.

The further division is described below in the
sequence of occurrence of these orders.

6. THREE VARIANTS
OF CRYSTALLOCHEMICAL RELATIONSHIPS
OF NONMETAL ELEMENTS IN CHEMICAL
COMPOUNDS

Nonmetal elements in chemical compounds can be
either monatomic ions or form complex cations and
anions consisting of two or more elements. If such ele-

ments form acomplex cation, e.g., NH, then the classi-
fication of suborders and familiesin the class of nonmet-
als ignores this cation and it is considered along with

other cationsin other classes. An NH, ionisusedin all
the classifications as an analogue of akali cations.
Therefore, the compounds of the (NH,),SiF; type (cryp-
tohalite) is considered together with malladrite (NaSiF)
in the corresponding class and not in class 2100/.
Thereisno rule determining the order of elementsin
the formulas of complex ions in chemistry. Thus, the
central atom of an ammonium ion iswritten in the first
place, then the peripheral atoms follow, whereasin the
formula of an oxonium ion (H;O%), the order is
reversed. We suggest writing the central atom of acom-
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plex ion aways in the first place asis usually done for
most of theions such as NO;, As O, SOf_, SiOf, etc.

The number of complex anions considerably
exceeds the number of complex cations. We write them
in the formulas immediately after the element deter-
mining the order. Their symbol is written in the same
order and determined by the central atom. The complex
ionsarefollowed by singleions (prevalent in number or
preferred if the numbers of the additional elements are
equal).

In numerous mineralogical studies, the minerals
containing complex anions are related to the divisions
determined by these anions, i.e, are considered
together with the metal-containing minerals. Thus,
eulytite Bi,(SiO,); is considered as an orthosilicate.
Thisisassociated with the fact that heavy nonmetalsin
compounds containing light nonmetals (as is well
known, possessing pronounced el ectronegativity) play
the part of electropositive elements, e.g., Sn and Bi in
SnO, and BiOCI and Bi(AsQ,), respectively. In some
instances, these nonmetals can form solid solutions
with metals, e.g., varlamoffite (Sn,Fe)(O,0H),. In this
concrete case, we consider it to be avariety of cassiter-
ite (SnO,), because Sn and O are the prevalent el ements
and both minerals have tetragonal unit cells with close
parameters.

7. SYMBOLS OF TAXA LOWER
THAN CLASSES

Now, proceed to the description of subclasses and
orders.

First of dl, we should like to review the decimal
symbols of mineral species lower than the symbol of a
class, i.e., indicated after aSlash in the class index.

The first numeral determining the subclass corre-
sponds to the number of the group of the chemical ele-
ment used to characterize this taxon. The second
numeral determining the order corresponds to the posi-
tion of thiselement in the group in the downward direc-
tion. If aclassis determined by one element from the
Periodic Table, the third numeral of the symbol deter-
mining the suborder is zero. If aclassis determined by
two elements, then the suborder is determined by the
number of the group of the second element in the Peri-
odic Table. Thefourth index corresponding to the taxon
family indicatesthe type of the chemical formulabegin-
ning with numeral 1, then 2, etc. if the given suborder
consists of many families or characterizes the position
of the element in the corresponding group if the number
of families is small. The fifth index determining the
genus usualy indicates the structure type. The last
index characterizing mineral species is indicated by
numerals from 1 to 10 in accordance with the numbers
of crystal systems from cubic to triclinic. This system
is broken only in those rare occasions where the num-
ber of lower taxa exceeds ten.
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Table 4 lists the first three numerals for al the sub-
classes of class 2100/. In two cases, it includes the
numeral 9 to emphasize the fact that the characteristic
of this taxon isinconsistent with the Periodic Table (as
iswell known, the Periodic Table has only eight groups
with the maximum number of elementsin some groups
being six). Numera 9 in the first place upon the slash,
i.e., inthe subclass symbol, denotes hydrates, the taxon
in the third place in subclass /559 is determined by a
complex anion instead of a chemical element.

The last three numerals in the decimal symbols for
each concrete subclass are indicated in the following
tables.

8. SUBCLASS 2100/3
8.1. Order 2100/31

This order contains only two minerals. Their chemi-
cal compositions include, in addition to boron, O and
OH. Their symbols, in accordance with additional pre-
ferred eements, areindicated by numerals6and 7. These
mineras are cubic metaborite BO(OH) (sp. gr. P43),
2100/316111 and triclinic sassolite B(OH); (sp. gr. P1),
2100/317111. There are some indications that borni-
tride BN also occurs in nature, i.e., is a minera, and
therefore can be located in the first place in this order.
However, it is not even mentioned in other monographs
and reference books on mineral ogy.

Boron does not occur as an elemental substance in
nature. There exist some more minerals consisting only
of nonmetal elements, with boron being apreferred ele-
ment. These are, e.g., larderellite (NH,)[BsO4(OH),],
ammonioborite (NH,),[B,,0,6] - 5H,0, etc., but in
these minerals, two nonmetal e ements form an ammo-
nium cation, which is a complete analogue of alkali
metals in chemical compounds. These minerals are
considered in the class of borates together with borgite
NaB;O4(OH), - 3H,0 and other similar minerals.

9. SUBCLASS 2100/4
9.1. Order 2100/41

The preferred chemical element in thisorder is car-
bon. The suborders and families are determined by the
presence of additional nonmetals. Carbon itself is con-
tained in many minerals that are elemental substances.
Since this suborder and family contain no additional
anions, the third and the fourth numerals of the symbol
are zeroes.

Thus, suborder 2100/410 isrepresented by minerals
consisting of native carbon.

Table 5 lists the main representatives of native car-
bon which differ from one another by their structure
types, i.e., by genera.

In the 1980s, a new form of carbon consisting of
spherical molecules of 60 atoms was discovered. This
carbon modification, with molecules in the shape of a
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Table 4. Subclasses, orders, and subordersin class of nonmetals 2100/

meghsdogr?e?gl a555S | Chemical dementsor atomic groups determining suborders Symbols of taxa lower than order
/31 B and O; B and OH /316; /317
/41 C;CC;CandN;CandO /410; /414; /415; /1416
142 SiandN; Siand O 1425; 1426
/43 Geand O 1436
144 Snand Sb; Snand O; Snand S; Sn and OH 1440; 1445; 1446; 1447
/51 N There are no minerals
/52 P /520
/53 As; Asand Sb (Bi); Asand O /530; /535; /536
/53 Sh; Sband As; Shand O (Se, Te) /540; /545; /546
/55 Bi; Bi and O; Bi and (OH); Bi and XYn /550; /556; /557; /559
/61 Oand Se Oand Te /6163; /6164
/62 S /620
/63 Se /630
/64 Te /640
/9 Hydrates /941; /961

ball, are caled fullerenes. In 1992, native fullerenes
were discovered in the specimens of high-carbon
shungite. However, usually fullerenes are not men-
tioned in the reference books on mineralogy. Lately,
fullerenes consisting of larger molecules, in particular
of Cy,, were discovered.

The structure of crystdline fullerene Cq, is a cubic
close packing of sphericadl Cg, molecules. However,
because of thelow symmetry of the molecules, the struc-
ture symmetry is lowered to Fm3 (instead of Fm3m).
The molecules in fullerene C,, are elongated ellip-
soids of rotation, and the C, structure is a hexagonal
close packing.

Order 2100/41 includes suborder /414 character-
ized by C—C bonds, with C atoms always forming addi-
tiona C-H bonds. The crystal structures of the repre-
sentatives of this suborder are built, asarule, by mole-
cules of the corresponding compositions. If, in addition
to the C—C and C-H bonds, a compound is also charac-
terized by the presence of a nonmetal element from
subgroups VB (N), VIB (O), or VIIB, the compound is
related to the suborder with symbol /415, /416, or /417,
respectively.

Order /41 includes an enormous number (severa
million) of artificially synthesized organic compounds,
with most of them having C—C and C—H bonds. If such
compounds contain only C and H, the symbol of their
suborder is/414.

There are only afew natural minerals with compo-
sitions analogous to synthesized organic compounds,
and none of them was known to Berzelius.

Since the C/H ratios in these minerals are different,
then, strictly speaking, they cannot be related even to
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one family. In Table 6, these minerals are grouped into
subordersin accordance with the presence of additional
(other than C and H) elements. The last mineral in sub-
order /414 is evenkite, a minera of the paraffin series
characterized by a chain structure. The familiesin this
suborder are enumerated depending on the number of
carbon atoms in molecular formulas of the correspond-
ing compounds. Thus, this family comprises minerals—
hydrocarbons with the same number of carbon atomsin
their molecules. No minerals possessing, in addition to
C—C and C—H bonds, C—X bonds (where X isahalogen)
have been discovered as yet. In addition to C—C bonds,
organic compounds often have bonds between carbon
and nonmetal atoms from other groups of the Periodic
Table. The presence of the latter bonds determines the
third numeral of this suborder.

An exhaustive classification of all the organic com-
pounds was beyond the scope of this study. We made an
attempt to distribute only the minerals over the lower
taxa, and, because their number is rather small, they
could be classified using the decimal system (Table 6).

The chemical composition of the minerals urea and
acetamide show the absence of C—C bonds. Carbon
atomsin their formulas are bound to three or four atoms
of other chemical elements, respectively. However, as
an exception, these compounds are also considered in
all the reference books on organic chemistry.

The last mineral in Table 6 could have been flag-
staffite C,,H,5(OH), - H,O, the only hydrate among the
organic minerals. Itssymbol /419111 includes numera 9
characteristic of hydrates from other divisions of min-
eralogy, which shows that this index is not associated
with the Periodic Table.
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Symbol of genus Symbol of species Mineral System, sp. gr.
/41001 /410011 Diamond Cubic, Fd3m
/41002 /410021 Lonsdaleite Hexagonal, P6;mc
/41003 /410031 Chaoite Hexagonal, P6/mmm
/41004 /410041 Graphite-2H Hexagonal, P63/mmc
/41005 /410051 Graphite-3R Trigonal, R3m
/41006 /410061 Fullerene Cq Cubic, Fm3
/41007 /410071 Fullerene Cyq Hexagonal, P6;mmc

9.2. Order 2100/42

In the previous sections, we considered minerals—
organic compounds, i.e., minerals with C—C and C—H
bonds. We suggested using a specia index in the third
place after the class (suborder) that would correspond
to the subgroup of an additional nonmetal of the Peri-
odic Table.

Of course, in this case, numeral 2 remains free,
because subgroup 11B of the Periodic Table has no non-
metals. Therefore, numeral 2 in the index of order and
family can be used for silicon, because it is the second
element in group 1VB, i.e,, for minerals containing C
and Si. Then, the suborder and the family would have
symbol /4241.

There exist several natural mineralsdescribed by the
chemical formula CSi containing only two elements.
Since the chemical and the mineralogical literature
ignores the notion of a preferred chemical element, the
order of writing the elementsisreversed, i.e.,, SIC. We
are not going to change this tradition and consider the
corresponding family not within order /41 but within
order /42, so that the symbol of this family, /4241,
exactly corresponds to the composition SiC. In this
case, the first family is, in fact, native silicon.

9.2.1. Family /4200. Silicon is crystallized in the
cubic system (sp. gr. Fd3m) and isisostructura to dia-
mond. Its symbol is 2100/420011. | believe that native
silicon may also occur on the Moon.

Table 7 lists the mineral s of the composition SiC or
the so-called group of carborundum. Their polytypes
have different structures. Here, we encounter the case
of polytypism. The problem of whether each polymor-
phic modification is an individual mineral species or
whether they all should be considered within one spe-
cies is widely discussed, and there is still no unique
opinion on this problem. Both standpoints have their
pros and cons. The polymorphic types have different
symmetries, i.e., belong not only to different species
but also to different genera. An important fact is that
they all have the same chemical composition. Earlier, in
our book on the systematics of mineral species
([1], p. 114), we made an attempt to attribute individual
symbols to al of the polymorphous modifications.
However, the idea that polytypism is a property of the
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minerals of one species (i.e., that its taxon should be
lower than species) should aso be taken into account.
In this case, we suggest considering polytypes not as
species but as varieties of one species. As a rule, the
researcher is interested in the whole set of polytypes
and not only in one of them, and, therefore, in the
search systems, which are an inherent part of any clas-
sification, each symbol should contain the whole infor-
mation on all of the polytypes of the given species.

It isalso possible to use an intermediate variant—to
combine some polytype modifications into large
groups, e.g., into crystal systems.

The results of such an attempt are givenin Table 7.

There is only one cubic polytype, whereas other
crystal systems can contain several polytypes.

Sometimes, the formula of the polytype modifica-
tion of moissanite is written as 3C. Then, the group of
carborundum consists of eight polytype modifications
of one species. Of courseg, it is possible to attribute an
individual number to each modification (by changing
the last numeral in their symbol). The problem of sym-
bols for polytypes should be discussed at the interna-
tional level.

9.2.2. Suborder /425. This suborder includes two
N-containing minerals—hexagonal nierite Si;N,, sp.
gr. P31c occurring only in meteorites, symbol /425111
and orthorhombic sinoite Si,N,O, sp. gr. Cmc2,, sym-
bol /425121.

No mineral containing, in addition to Si, some other
elements of subgroup VB (P, As, Sb, or Bi) was
revealed in order /42. It would be reasonable to relate
tothisorder also eulytite Si;Bi,O,,, however it contains
aSi0, anion, and, therefore, itsformula should be writ-
ten as Bi,[SiO,];. Aswas indicated above, the minerals
containing complex anions would be considered sepa-
rately, therefore this mineral would be considered later.
In some mineralogical studies, thismineral isrelated to
orthosilicates, because Bi often plays the role of a cat-
ion. Our classification suggests dividing metals and
nonmetals at avery early stage, because such adivision
is the further development of the Berzelius idea under-
lying our classification.

9.2.3. Suborder /426. In this suborder, Si is com-
bined with nonmetals from subgroup VIB of the Peri-
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Suborder Family Genus Fecies Formula and name System, sp. gr.
1414 14141 141411 1414111 | Cy3Hqg kratochvilite Orthorhombic, Pnma
14142 141421 1414211 | CyyH,q ravatite Monoclinic, P24
14143 /41431 1414311 | CygH4g phylloretine Orthorhombic, Pnna
14144 141441 /414411 | CygH,, Simondllite Orthorhombic, Pnaa
141442 1414421 | C,gH5, fichtelite Monoclinic, P2,
14145 141451 1414511 | CyoHagy hartite Triclinic, P1
141452 1414531 | C,ygH4g dinite Orthorhombic, P2,2,2;
14146 141461 /414611 | CyH,, idridite Orthorhombic, B-cell
14147 141471 /414711 | Cy4H4, karpatite Monoclinic, P2;¢c
141472 1414721 | CyyHsgg evenkite Monoclinic, P2,/a
1415 14151 141511 1415111 | C(NH,),0 urea Tetragonal, P42,
14152 141521 1415211 | CH3CONH, acetamide Hexagonal, R3c
/14153 /41531 /415311 | CsH,4N,O5 uricite Monoclinic, P2;/c
14154 141541 /415411 | CgsH3(NH5)N,4O guanine Monoclinic, P2;/c
/4155 /41551 /415511 | CgH4(CO),NH kladnoite Monoclinic, P2;/c
1416 14162 141621 1416211 | Cy4HgO, hodlite Monoaclinic, P2;/c
14163 141631 /416311 | C;7H,4045 or C1gH14Og graebeite Monoclinic
14164 141641 1416411 | CyoH3,0, refikite Orthorhombic, P2,2,2

odic Table. Minerals are known only for compounds of
silicon with oxygen of the composition SiO, (Table 8).
They all belong to family /4261.

The synthetic mineral keatite has a framework sim-
ilar to that of quartz. Its structure is often compared
with the structures of other SiO, modifications, and,
therefore, we placed kedtite into Table 8; since it
belongs to the same space group as cristobalite, we
related both these mineralsto the same genus. The sym-
metry of keatite is the same as of a-cristobalite, but the
unit-cell parameters are different: a=7.46 A and c =
8.61 A for keatite and a = 4.97 A and ¢ = 6.93 A for
cristobalite.

Similar to minerals considered earlier, coesite pos-
sesses aframework structure, but it isdifferent fromthe
structure of the quartz group and similar to that of feld-
spars.

Melanophlogite is a clathrate with the “host” being
the zeolite framework of SIO, composition and the
“guests,” the molecules of N,, CH,, CO,, etc. We
believe that the clathrates should be classified by the
structure of the host, and, therefore, thisminera is con-
sidered along with the other SIO, madifications. This
standpoint is also used in a number of mineralogical
reference books.

Sometimes, the formulas of clathrates includes both
hosts and guests, but these compounds are considered
together with the corresponding oxides. Thus, Libau
[16] writes the formula of melanophlogite as 46Si0, -
8(N,, CH,, CO,). He aso mentions the dodecasil 1H

348102 * 5N2[(C2H5)2NH(C5NH11,C6NH13)] and some
other compounds.

A specific caseis presented by stishovite possessing
not a framework but a coordination structure, a very
rare one, in which silicon has c.n. = 6. Stishoviteisiso-
structural to rutile TiO,.

Many mineralogists believe that various modifica-
tionsof SO, are silicates and consider them along with
other silicates, which is erroneous, because, in addition
to SiO,, silicates always contain metal atoms (see their
definition in our earlier study [1], p. 39). Chemically,
these compounds are not oxides but salts of silicic
acids.

Order /42 includes no minerals with nonmetals
other than silicon and oxygen.

9.3. Order 2100/43

Thisorder includes Ge and its compoundswith non-
metals. Germanium never occurs in nature as an ele-
mental substance. The only mineral of this order is
argutite GeO,, sp. gr. P4,/mnm possessing the rutile
structure. Its symbol is/436111.

9.4. Order 2100/44

Thisorder includes Sn and its compounds with non-
metals. Native tin is encountered in nature in the form
[3-Sn, usually called white tin. Its symbol is/440011.
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Table 7. Group of carborundum SiC

Genus | Species Name System, sp. gr.

/42411 | /424111 | Carborundum Cubic, F43m
(moissanite)

142412 | 1424121 | a-2H, 4H, Hexagonal, P6;mc
5H, 6H

/42413 | /424131 | Carborundum Trigonal, R3m
10R, 15R, 33R

White tin is tetragonal, sp. gr. 14,/amd. Among the
tin compounds with nonmetals, there are minerals con-
taining antimony, oxygen, and sulfur (Table 9), which
compl ete the order /44.

10. SUBCLASS 2100/5
10.1. Order 2100/51

There are no mineralswithout metals and with nitro-
gen as apreferred element in this order.

10.2. Order 2100/52

There are no mineras without metals and with a
phosphorus as a preferred element in this order. How-
ever, one minera of this order is encountered in mete-
orites—it isthe cubic modification of white phosphorus
with symbol /520011.

10.3. Order 2100/53

In nature, arsenic is encountered in two modifica-
tions. The more widespread one is the rhombohedral
modification, sp. gr. R3m, with symbol /530011. In
mineralogy, it issimply called arsenic. The second, the
orthorhombic modification, sp. gr. Acam, has a special
mineralogical name—arsenolamprite with symbol
/530021. This modification is isostructural to black
phosphorus.

Table 8. Silicon oxides

Among the compounds of this order, mineralogical
books often indicate the mineral stibarsen AsSb isos-
tructural to rhombohedral As and Sb. However, it
should rather be considered as a solid solution of
arsenic and antimony and can hardly be considered as
an individual mineral species.

The real mineral species with arsenic as the pre-
ferred element are the compounds of As with the ele-
ments from subgroups VB and VIB of the Periodic
Table.

There are only afew mineral specieswhichinclude,
in addition to As, some other elements of subgroup VB
(i.e.,, Sb and Bi). There are only three minerals formed
by As and Sb. These are laphamite As,(Sb,S); with
symbol /535411, monoclinic getchellite AsSbS; with
the sp. gr. P2,/a, symbol /535421, and a structure simi-
lar to the monoclinic structure of As,S;, sp. gr. P2,/n,
but a double unit-cell parameter c, and, finaly,
paakkontnite AsSb,S, with symbol /535431.

Several minerals are characterized by the simulta-
neous presence of Asand Bi. In these minerals, bismuth
plays the role of a metal, and, therefore, they are con-
sidered in order /55 in the division that includes bis-
muth minerals with complex anions (see below).

The minerals including As and the elements of sub-
group VIB areindicated in Table 10.

10.4. Order 2100/54

Antimony as an elemental substance is encountered
in nature in the form of the mineral antimony. It iscrys-
tallized in the rhombohedral system, sp. gr. R3m, and is
described by symbol /540011.

The mineralogical textbooks mention one more
mineral with the composition close to pure antimony—
paradocrasite Sb,(Sb,As), crystallizing in the mono-
clinic system—which, therefore, cannot be considered
asasolid solution of antimony and arsenic. It is attrib-
uted to symbol /545411.

Genus Soecies Name of mineral System, sp. gr.
142611 1426111 [B-cristobalite Cubic, Fm3m
142612 1426121 B-trydimite Hexagonal, P63/mmc
142613 1426131 B-quartz Hexagonal, P6,22
142614 1426141 a-quartz Trigona, P3,21
142615 1426151 a-cristobalite Tetragonal, P4,2,2

- 1426152 Kesatite Tetragonal, P4,2,2
142616 1426161 o-trydimite Orthorhombic, C222;
142617 1426171 Coesite Monoclinic, C2/c
142618 1426181 Melanophlogite Cubic, P4,32
142619 1426191 Stishovite Tetragonal, P4,/mnm
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Table 9. Compounds of tin with other nonmetals

Family Genus Fecies Name and formula System, sp. or.

/4454 144541 1445411 Stistaite SnSh Trigonal, R3m

/4461 /44611 /446111 Romarchite SnO Tetragonal, P4/mmm
144612 1446121 Cassiterite SnO, Tetragonal, P4/nmm
/44613 /446131 Hydroromarchite Sn;O,(OH), Tetragonal, P4/mnc

14462 /44621 1446211 Herzenbergite SnS Orthorhombic, Pbnm
144622 1446221 Berndtite SnS, Trigonal, P3m1
144623 1446231 Ottemannite Sn,S; Orthorhombic, Pnam

14471 144711 1447111 Abhurite Sn;O(OH),Cl, Trigona, R32/m

Table 10. Compounds of arsenic with nonmetals of subgroup VIB of the Periodic Tabl

Family Genus Soecies Name and formula System, sp. gr.

/5361 /53611 /536111 Arsenolite As,Og Cubic, Fd3m
/53612 /536121 Claudetite As,0O5 Monoclinic, P2;/n

/5362 /53621 /536211 Realgar AsS Monoclinic, P2;/n
/53622 /536221 Pararealgar AsS Monoclinic, P2;/c
/53623 /536231 Orpiment As,S; Monoclinic, P2;/n
153624 /536241 Duranusite As,S Orthorhombic
/53625 /536251 Dimorphite As;,S; Orthorhombic, Pnma
/53626 /536261 Uzonite As,Ss Monoclinic, P2;/m
/53627 /536271 Alacranite AssS; Monoclinic, C2/c
/53628 /536281 Woakabayashilite (As, Sb)11S;s Monoclinic, P2;/n

A mineral including both stibium and bismuth is
bismutostibiconite (Sb>*,Fe3*),Bi0,, which is isostruc-
tural to stibiconite crystallizing in the cubic sp. gr.
Fd3m (Table 11). Its symbol is/545511.

Antimony in order /54 is encountered mainly in the
form of compounds with elements of subgroup VIB of
the Periodic Table (Table 11).

Thereis mention of some other forms of antimonite
in the literature—metastibnite and gorobstedite
(Sb,Bi),S;, but these are noncrystalline forms (i.e.,
according to the nomenclature used here, are not min-
erals but mineraloids).

10.5. Order 2100/55

Bismuth as an elemental substanceisencounteredin
nature and has the same structure type as As and Sh
(trigonal sp. gr. R3m). Its symbol is/550011.

Among the compounds of this order, bismuth is
encountered mainly in combination with the elements
of subgroup VIB of the Periodic Table.

Table 12 lists the minerals containing bismuth and
oxygen.

Table 13 indicates the minerals including bismuth
and also sulfur, selenium, and tellurium. The families
are chosen in accordance with their Bi/X ratios, i.e.,
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BiX, Bi,X;, and Biz X, or Bi,X;, BigXs, Bi; X5, and Bi, X.
Such a choice of family allows us to keep the minerals
which are related to individual genera (structure types)
close together.

10.5.1. Suborder /557. The only mineral of thissub-
order isgananite BiF; (cubic sp. gr. P43m) with symbol
/557211.

As was mentioned above, in a number of Bi-con-
taining minerals, some light nonmetals form complex
anions. These minerals are also included in order /55.

In the mineralogical literature, these minerals are
distributed over classes in accordance with these com-
plex anions. In other words, they are classified together
with the minerals containing a complex anion and met-
als, which is inconsistent with our system because we
consider Bi as a nonmetal. These minerals arelisted in
Table 14. Since in our system the numerals usualy
determine the position of a chemical element in the
Periodic Table, the mineralslisted in Table 14 should be
considered in a different way in order to define the
anionic group as awhole. We suggest using humeral 9
in theindex of the suborder, which cannot characterize
any group in the Periodic Table. The mineral roosevel-
titeisisostructural to monazite CePO,.
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Table 11. Compounds of antimony with nonmetals of subgroup VIB

Family Genus Soecies Name Formula System, sp. gr.
/5461 /54611 /546111 | Senarmontite Sb,0, Cubic, Fd3m
/54612 /546121 | Vaentinite Sh,0, Orthorhombic, Pccn
/54613 /546131 | Cervantite Sb*Sh**0, Orthorhombic, Pbn2;
/54614 /546141 | Kermesite SbOS, Triclinic, P1
/54615 | /546151 | Stibiconite Sby" Sb**Og(OH) Cubic, Fd3m
/54616 /546161 | Onoratoite Sbg04,Cly Triclinic, P1
/5462 /54621 /546211 | Antimonite (stibnite) Sh,S; Orthorhombic, Pbnm
/5463 /54631 /546311 | Antimonselite Sh,Se; Orthorhombic, Pbnm
/5464 /54641 /546411 | Tellurantimony Sh,Te, Trigonal, R3m
Table 12. Compounds of bismuth with oxygen and other nonmetals
Family Genus Soecies Name Formula System, sp. gr.
/5561 /55611 /556111 Sillenite y-Bi, 04 Cubic, 123
/55612 /556121 Sphaerobismite B-Bi,O4 Tetragonal, P4,2,2
/55613 /556131 Bismite 0-Bi,0O5 Monoclinic, P2;/c
/55614 /556141 Russelite (Biy,W)O3 Tetragonal, 142d
/55615 /556151 Daubreeite BiO(OH, ClI) Tetragonal, P4/nm
/556152 Zavaritskite BiOF Tetragonal, P4/nm
/556153 Bismoklite BiOCI Tetragonal, P4/nm

11. SUBCLASS 2100/6
11.1. Order 2100/61

The preferred dement in this order, and especialy in
the compounds of heavy elementsfrom subgroup V1B, is
oxygen. In the mineralogical literature, these com-
pounds are considered as oxides, and oxygen in their
formulasiswritten in the second place. Below, we shall
follow this tradition.

Thus, the minerasin this order are selenolite SeO,
(sp. gr. P4,cb) with symbol 2100/616311, paratellurite
TeO, (tetragonal sp. gr. P4,2,2) with symbol
2100/616411, and tellurite TeO, (orthorhombic sp.
gr. Pbca) with symbol 2100/616421.

Among the oxygen compounds with the elements of
subgroup VIIB, there is only one mineral containing O
and H—ice. Ice H,0O (hexagonal sp. gr. P6;mc) has
symbol 2100/617111. Below —80°C, its second modifi-
cation is observed (cubic sp. gr. Fd3m).

11.2. Order 2100/62

In thisorder, there are three e emental substances—
three mineral modifications of sulfur consisting of Sg
mol ecules—orthorhombic a-S (sp. gr. Fddd) with sym-
bol 2100/620011, monoclinic B3-S (sp. gr. P2,/c) with
symbol 2100/620021, and monoclinic y-S (sp. gr. P2/c)
with symbol 2100/620031.
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Among the sulfur compounds with other nonmetals,
there are only those in which the preferred element is
not sulfur but some other element (As, Sb, and Bi). Like
Se and Te, they areincluded in Tables 10, 11, and 13.

11.3. Order 2100/63

The elemental substance in this order istrigonal Se
(sp. gr. P3,21) with symbol 2100/630011.

Only those selenium compounds with other ele-
ments are known in which the preferred element is not
Se but some other element.

11.4. Order 2100/64

The elemental substance in this order istrigona Te
(sp. gr. P3,21), symbol 2100/640011.

In this case as well, only those Te compounds with
other elements are encountered in which the preferred
element is not Te but some other element.

12. SUBCLASS 2100/7

This subclass consists of five orders—/71, /72, /73,
/74, and /75. However, none of these orders includes a
mineral having the form of an elemental substance. All
the e emental substances of these elements are encoun-
tered in nature either in the gaseous or the liquid state.
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Table 13. Compounds of bismuth with S, Se, and Te
Family Genus Soecies Name Formula System, sp. gr.
/5562 /55621 /556211 Nevskite BiSe Trigonal, P3m
/556212 Tsumoite BiTe
/5563 /55631 /556331 Ingodite Bi,TeS
/556312 Sulfotsumoite Bi;Te,S
/55632 /556321 Bismuthinite Bi,S; Orthorhombic, Pbn
/556322 Guanagjuatite Bi,(Se, S)3
/55633 /556391 Csiklovaite Bi,(S, Se),Te Trigonal, R3m
/556332 Paraguangjuatite Bi,(Se, S);Bi,
/556333 Skippenite Bi,Se,(Te, S)
/556334 Tetradymite BisTe,S
/556335 Kawazulite Bi,y(Te, Se, S)3
/556335 Tellurobismuthite Bi,Tes
/5564 /55641 /556411 Rucklidgeite (Bi, Pb);Te,
/55642 /556421 Ikunolite Bi,S;
/556422 Laitakarite Bi,Se,S
/556423 Pilsenite Bi,Tes
/556424 Joseite-A Bi,TeS,
/556425 Joseite-B Bi,Te,S
/5565 /55651 /556511 Baksanite BigTe,S;
/5566 /55661 /556611 Hedleyite Bi;Tes
/5567 /55671 /556711 Smirnite Bi,Te**Os Orthorhombic
Table 14. Compounds of bismuth with complex anions
Family Genus Soecies Name Formula System, sp. gr.
/5594 /55941 /559411 Bismutite Bi,[CO4]O, Tetragonal, 14/m
/55942 /559421 Eulitite Bis[SiO4]3 Cubic, 143d
/5595 /55951 /559511 Smrkovecite Bi,[PO,]O(CH) Monoclinic
/55952 /559521 Petitjeanite Big[PO4],0(0OH) Triclinic, P1
/55953 /559531 Tetrarooseveltite B-Bi[AsO,] Tetragonal, 14,/a
/55954 /559541 Rooseveltite Bi[ASO,] Monaclinic, P24/n
/55955 /559551 | Ateledtite Bi,[AsO,]O(OH) Monoclinic, P2;/m
/55956 /559561 Preizingerite Bi;[AsO,],0(OH) Triclinic, P1
/55957 /559571 | Arsenobismite Bi,[AsO,4](OH), Orthorhombic
/55961 /559611 | Cannonite Bi,[SO4](OH), Monoclinic, P2;/c
/5596 /55962 /559621 Pingguite Big[TeO,],05 Orthorhombic

Even the heaviest element, iodine, artificially synthe-
sizedinthe crystalline state, evaporates already at room
temperature.

Since halogens are the last elements of the prefer-
ence series, they cannot play the part of preferred ele-

ments.

In accordance with the Berzelius recommendations,
our classification is based on honmetals (electronega-
tive elements). Hydrogen, hydroxyl, and halogens are
present in the minerals related to class 2100 which are
built only by nonmetals (i.e., do not contain metals), but
the preferred elements are those located before these
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nonmetals in the preference series. The examples are
daubreeite BiOCI, sassolite B(OH);, €tc.

Moreover, aswasindicated above, in some minerals
containing only nonmetal chemical elements, some of
them form complex cations. These are, first of al,
ammonium ions. The examples are cryptohalite
(NH,),SiF,, ammonium chloride (NH,)CI, etc. In the
classification, this complex cation is taken into account
along with alkali metals and is located after these met-
als(Li, Na, K, Rb, Cs, and NH,).

Polonium, astatatine, and al noble (inert) gases do
not occur asindividual e ementsin minerals.

13. SUBCLASS 2100/9. HY DRATES

Class of oxides 6100/ includes numerous hydrates,
which we related to subclass 6100/9. At the same time,
there are only two hydratesin class 2100/.

These are an extremely rare minera—flagstaffite
C,oH,3(OH), - H,O (orthorhombic sp. gr. Fdd2) which
is an organic compound. Its symbol is 2100/941111.
The second mineral of this subclass is coguandite
Sbs04(SO,) - H,0. Its symbol is 2100/961111.

14. CONCLUSION

Considering the minerals of the class of oxides in
[2], we wrote a special chapter entitled “Oxides and
Hydroxides from the Class of Nonmetals” (comprising
about thirty minerals). Earlier, these mineras were
related to oxides in all the courses of mineralogy.
Therefore, the reader who did not find these mineralsin
class of oxides 6100/ should not think that they were
omitted by mistake. Therefore, these minerals were
assigned the decima symbols in which class symbol
2100/ isfollowed by the indices of the subclass and the
order corresponding to oxygen atoms(e.g., in Tables 35
and 36in[2]). Now that the systematics of class of non-
metals 2100/ is completed, we substituted these sym-
bols with new ones. The order of the indices of taxa
lower than class was considered above in this article.

APPENDIX
List of minerals with the indication of the table or
the section of its appearance
Abhurite, Table 9
Acetamide, Table 6
Alacranite, Table 10
Antimonite, Table 11
Antimonselite, Table 11
Antimony, Sect. 10.4
Argutite, Sect. 9.3
Arsenic, Sect. 10.3
Arsenobismite, Table 14
Arsenolamprite, Sect. 10.3
Arsenolite, Table 10
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Atelestite, Table 14
Baksanite, Table 13
Berndtite, Table 9
Bismite, Table 12
Bismoklite, Table 12
Bismuth, Sect. 10.5
Bismuthinite, Table 13
Bismutite, Table 14
Bismutostibiconite, Sect. 10.4
Bornitride, Sect. 8.1
Cannonite, Table 14
Carborundum, Table 7
Cassiterite, Table 9
Cervantite, Table 11
Chaoite, Table 5
Claudetite, Table 10
Coesite, Table 8
Coguandite, Sect. 13
o- and B-cristobalite, Table 8
Csiklovaite, Table 13
Daubreeite, Table 12
Diamond, Table 5
Dimorphite, Table 10
Dinite, Table 6
Dodecasil, Sect. 9.2.3
Duranusite, Table 10
Evenkite, Table 6
Eulytite, Table 14
Fichtelite, Table 6
Flagstaffite, Sects. 9.1 and 13
Fullerene Cg, and C,,, Table 5
Gananite, Sect. 10.5.1
Gerzenbergite, Table 9
Getchellite, Sect. 10.3
Graebeite, Table 6
Graphite, Table 5
Guanajuatite, Table 13
Guanine, Table 6
Hartite, Table 6
Hedleyite, Table 13
Herzenbergite, Table 9
Hoelite, Table 6
Hydroromarchite, Table 9
Ice, Sect. 11.1
Idrialite, Table 6
Ikunolite, Table 13
Ingodite, Table 13
Joseite, Table 13
Karpatite, Table 6
Kawazulite, Table 13
Keatite, Table 8
Kermesite, Table 11
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Kladnoite, Table 6
Kratochvilite, Table 6
Laitakarite, Table 13
Laphamite, Sect. 10.3
Lonsdaleite, Table 5
Melanophlogite, Table 8
Metaborite, Sect. 8.1
Moissanite, Table 7
Nevskite, Table 13
Nierite, Sect. 9.2.2
Onoratoite, Table 11
Orpiment, Table 10
Ottemannite, Table 9
Paakkontnite, Sect. 10.3
Paraguanajuatite, Table 13
Paradocrasite, Sect. 10.4
Pararealgar, Table 10
Paratellurite, Sect. 11.1
Petitjeanite, Table 14
Phosphorus, Sect. 10.2
Phylloretine, Table 6
Pilsenite, Table 13
Pingguite, Table 14
Preigingerite, Table 14
o- and (3-quartz, Table 8
Ravatite, Table 6
Realgar, Table 10
Refikite, Table 6
Romarchite, Table 9
Rooseveltite, Table 14
Rucklidgeite, Table 13
Russellite, Table 12
Sassolite, Sect 8.1
Selenium, Sect. 11.3
Selenolite, Sect. 11.1
Senarmontite, Table 11
Silicon, Sect. 9.2.1
Sillenite, Table 12
Simonellite, Table 6
Sinoite, Sect. 9.2.2
Skippenite, Table 13
Smirnite, Table 13
Smrkovecite, Table 14
Sphaerobismite, Table 12
Stibarsen, Sect. 10.3
Stibiconite, Table 11
Stibnite, Table 11
Stishovite, Table 8
Stistaite, Table 9
Sulphotsumoite, Table 13

O-, B-, and y-sulfur, Sect. 11.2

Tellurantimony, Table 11
Tellurium, Sect. 11.4
Tellurite, Sect. 11.1

BOKIJ

=

10.
11

12.

13.

14.
15.

16.

Tellurobismuthite, Table 13
Tetradymite, Table 13
Tetrarooseveltite, Table 14
Tin, Sect. 9.4

o- and B-tridymite, Table 8
Tsumoite, Table 13

Urea, Table 6

Uricite, Table 6

Uzonite, Table 10
Valentinite, Table 11
Varlamoffite, Sect. 6
Wakabayashilite, Table 10
Zavaritskite, Table 12
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PHASE
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Abstract—The equations of domain wallsin the vicinity of a phase transition are obtained from the condition
of the deformation balance at phase boundaries and domain wallsfor aferroel astic lead orthophosphate crystal .
All domain walls can be divided into three groups, in accordance with the conditions of their formation—bal-
anced, conventionally balanced, and unbalanced domain walls. The structure of staggered domain wallsis sug-

gested. © 2002 MAIK “ Nauka/Interperiodica” .

The method of calculating orientations of domain
walls in ferroelastics was proposed in [1]. However, it
fails to explain the whole variety of domain structures,
in particular, the formation of staggered domain walls
and the changes in domain structure preceding a phase
trangition. The influence of the type of phase transition
on the formation of a domain structure in various
groups of ferroelastics is studied insufficiently [2].
Therefore, it is expedient to examine the conditions of
the formation of domain structurein a“pure” improper
ferroelastic Phb;(PO,), undergoing the first-order phase
transition R3m — C2/c.

The formation of a domain structure requires the
maintenance of the balance of deformations at both the
interface between the two phases and at the domain
walls. Below, we analyze the conditions of such a bal-
ance in three stages—the balance at phase boundaries,
the balance at adomain wall, and finally, the balance of
deformations at the phase boundaries and the domain
wall formed by these boundaries.

The method of calculating the orientations of phase
boundaries in Pb,;(PO,), based on the matching of the
crystal lattices of two different phases was suggested in
[3]. It is shown that there are six different orientations
of phase boundaries with each pair forming two close
orientational states. According to the chosen crystallo-
graphic setting (the X-axis coincides with the c-axis,
the Y-axis, with the b-axis), the equations of these two
phase boundaries with respect to the coordinate system
of the 3-phase are

X—eY+dZ = 0, (1)
X +eY+dZ = 0, )

whereasthe equation with respect to the coordinate sys-
tem of the a-phase are

X'—nY'+kZ' = 0, 3)
X'+nY'+kZ' = 0, )

where e = 1.1759, d = 0.1164, n = 1.1679, and k =
0.11675.

Knowing the equations of the plane in two coordi-
nate systems, one can determine the matrix of the tran-
sition (rotation) from one coordinate system to another
[4]. We designate these matrixes in accordance with the
orientational state they represent. The calculations are
made in the coordinate system of the 3-phase. Let the
orientation states formed by phase boundaries (1) and

(2) beC, and C; , respectively. Then, the corresponding

rotation matrices for the coordinate system are
HCu Cip Cis

C, = ECM Cx Cy
0Cs Cs Cys

HCu —Cp Cis
Ei Cl = E_Czl C22 —C23 E!
0 0Cqy Cgxp Ci O
where

Cy = 9.999943x 10, C,, = 3.351618 x 10,

Cys = 1456987 x 10, C,, = —3.351534x 107,
C, = 9.999942 x 10, C,; = -5.627930 x 10",
Cy = —1475741x 10", C,, = 5.623016 x 10",

Cy = 9.999998 x 10

Heresfter, all the values were rounded off to the sixth
decimal place, but the calculations were performed to
the 16th decimal place. If the absolute value was less
than 1.0 x 10715, it was taken to be zero.

The rotation matrixes for four other orientation
states, C,, C,, C;, C5, can be obtained by the formulas
c,=B,C, C, =B,C;,C,=B,C,, C; =B,C;, where
B, istherotation matrix for the coordinate system rotat-
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Equations of domain walls

NEPOCHATENKO

or'iA %%Ert\d No. Balanced domain walls bal a%gg&/%rgiﬁ;ﬂ I\yv als Unbalanced domain walls
C,—C; 1]Y=0
2 X-0.0137532=0
C—C, 3 [X+1.732051Y —0.449109Z = 0
4 X—-0.577350Y=0
C'l -G, 5 [ X-0.577350Y =0
6 X+ 1.732051Y — 0.445109Z2 =0
C-GC, 7 X +1.718970Y — 0.445503Z = 0
8 X—-0.581743Y=0
C,-C, 9 X + 1.745281Y — 0.449109Z = 0
10 X—-0.572973Y=0
CZ—C'2 11 | X+ 0.577350Y=0
12 X —1.732051Y - 0.027505Z = 0

ing about the Z-axis in the 3 phase through the angle
o = 120°, and B,, the matrix of rotation through the
anglea =-120°.

The intersection of any pair of orientation states in
the vicinity of a phase transition should result in afor-
mation of an interface. Two variants are possible—the
formation of adomain wall or a new orientational state
separating the two initial ones.

Consider the first variant and analyze the possible
orientations of the domain walls. The method of calcu-
lation suggested here is aimost identical to that used in
[1] except that we used the tensor of thermal expansion
instead of the tensor of spontaneous deformation. Our
method is based on the assumption that the deforma-
tions at domain walls must be compatible; i.e., the
lengths of a vector r chosen at a domain wall in two
adjacent orientational systems are equal. Proceed to the
analysis of the change of the vector r caused by ajump-
like change in crystal parameters (a first-order phase
transition). For the B-phase, we have r> = x> + y> + Z2.
For thefirst orientational state (the a-phase), rf = xf +
yf + zf and

Xy = (1+ag)x+apy+ a5z,
Y1 = aunX+ (1+ay)y+ayz,

ag X+ agpy + (1+ag)z,

Z;

a; = Gy Cjeq,
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where C; are the components of the transformation
matrix for the given orientational state and g, are the
components of the tensor of thermal expansion.

Theeg,,, e5,, and e;; values were calculated from the
dilatometric data[5]; the estimated e, ; value was deter-

mined from the equation e, /e;; =—tan® [1] with the
use of the datafrom [6].

The value of r§ = x§ + y§ + z§ for the second ori-
entation state was determined in the same way. Equat-

ing rf and r§ , we arrive at the second-order equation

A11X2 + A22)/2 + A3322 +2AXy
+2A;3Xxz+ 2A5yz = 0O,

)

which corresponds, provided that det{A;} = 0, to the
equation of two intersecting planes

(x+By+Dz)(x+ Ny+Kz) = 0.

Since in a first-order phase transition, the domain
walls are nucleated at the sites of intersection of the
phase boundaries, the domain wall and the phase
boundaries should be intersected along the same
straight line, otherwise the condition for the deforma-
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tion balance would be violated. According to [4], three
planes,

A x+B;y+C;z+D; = 0,
Ax+B,y+C,z+ D, = 0,
Ax+Bgy+Cyz+ Dy = 0
are intersected along the same straight line if
Al Bl Cl

A; B, G,
A; B3 C;

detS = = 0. (6)

The above arguments allow one to obtain the equa-
tions for domain walls for various combinations of

adjacent orientational states C,, C,, C;, C,. We ana-

lyzed condition (6) for each domain wall and tabulated
the results obtained (see table).

The equations of domain walls can be classified in
the following way: balanced domain walls for which
conditions (5) and (6) are fulfilled; conventionally bal-
anced domain walls for which condition (5) isfulfilled
but condition (6) is not; and unbalanced domain walls
for which det{A;} =—4.6 x 10-'° (for balanced domain
wallsdet{A;} = 8.7 x 102?; i.e,, it had avalue close but
not equal to zero. Such domain walls can be formed
only at small deformations. It should be mentioned that
condition (6) for domain wall no. 7 is very sensitive to
the value of e,; (to the 14th decimal place). This condi-
tion isfulfilled at e; = 7.56269834025012 x 10*. Since

the estimated e; value (9.8 x 10#) is close to the cal cu-
lated one, it was used for the final analysis.

The eguations of domain walls separating the orien-
tational states C,-C,, C,-C;, C,;-C;, C;-C;, C,-C,,
C,-C;, C,-C;, C,—C; can be obtained by applying
to the equations of domain walls (see table) the opera-

tion of the rotation of the coordinate system about the
Z-axis through the angle a = £120°.

Since the conditions of the balance of deformations
at domain walls and between the phase boundaries and
the domain walls are fulfilled, the domain walls are
formed in a phase transition. The conventionally bal-
anced walls can be formed because of domain restruc-
turing (in the absence of phase boundaries). The unbal-
anced domain walls are formed because of mechanical
stresses.

Now, analyze in detail the equations of domain
walls and compare them with the experimental results.

The balanced domain walls (nos. 3, 5 in table) are
observed along the symmetry elements of the -phase
that are absent in the adjacent domains (the “lost” sym-
metry elements), which is consistent with the experi-
mental data[7].
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Staggered (Z'-type) domain wall; the (001) plane, T = 25°C.

The balanced (nos. 1, 11) and conventionally bal-
anced (nos. 2, 12) domain walls are arranged along the
symmetry elements of the [3-phase that are not lost in
the phase transition. These walls have not been
observed experimentally. Their identification is hin-
dered by the fact that they separate very close orienta-
tional systems; moreover, their orientation coincides
with the orientation of the balanced domain walls sep-
arating the systems C,-C;, C,-C;, C,-C;, C,—C;.
The conventionally balanced domain walls (nos. 4, 6)
have not been observed experimentally. It ismost prob-
ablethat their formation isforbidden by the structure of
the W and W domain walls.

Unbalanced domain walls nos. 8 and 10 are
arranged symmetrically at a small angle ¢ to balanced
wallsno. 5 and wallssimilar to domain (7, 9)—3, respec-
tively. The angle ¢ increases with an increase in spon-
taneous deformation and attains a value of ~2° at room
temperature.

The analysis shows that the staggered Z'-domain
structure (see figure) consists of unbalanced domain
walls nos. 7 and 9. The angle between the traces of
these domain walls on the (001) plane at the tempera-
ture of the phase transitionis 3 = 2¢ = 0.376°. Assum-
ing that this angle is proportional to the spontaneous
deformation, then, at room temperature, 3 = 3.4° (the
experimental value is ~4°). The staggered structure of
the Z-type domain wall formed by walls nos. 8 and 10
issimilar.

Domain restructuring preceding the phase transition
occursin the presence of unbalanced or conventionally
balanced domain walls.

Thus, the firg-order phase transition in a pure
improper ferrodlagtic is accompanied by the rotation of
the crystallographic axes due to lattice mismatch of the
two phases. Thus, each possible orientational state[8, 9]
can have two close orientations depending on the phase
boundary forming this state. In addition to balanced
domain walls, unbalanced domain wals are aso
formed whose orientation does not coincide with the
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Abstract—The analytical expressions for calculating the intensities of X-ray diffuse scattering from a crystal
of finite dimensions and monatomic substitutional, interstitial, or vacancy-type point defects have been derived.
The method for the determination of the three-dimensional structure by experimental diffuse-scattering data
from crystals with point defects having various concentrations is discussed and corresponding numerical algo-
rithms are suggested. © 2002 MAIK “ Nauka/Interperiodica” .

Sincethetime of the discovery of diffuse scattering,
the use of this effect for determining the characteristics
of defects in crystals has attracted the attention of
researchers. Thus, Krivoglaz cites more than 717 publi-
cations to the effect in his famous monograph on dif-
fuse scattering [1]. The sections dedicated to diffuse
scattering are also included in some other books[2, 3].
In recent years, interest in diffuse scattering has contin-
uoudly increased for severa reasons. The main one is
that the character and structure of defects in crystals
essentially influence many of the physical properties of
crystals and are very important for the establishment of
regular relationships between the structure and proper-
tiesof crystals. The second reason for anayzing diffuse
scattering is the fact that, today, the methods of classi-
cal structure analysis (based on the consideration of the
intensities of Bragg reflections) are so accurate that the
results of the study are essentially dependent on thereal
structure of the sample. And, finally, recent progressin
science and, first and foremost, the creation of new
sources of X-ray synchrotron radiation, position-sensi-
tive detectors, and powerful computers have made the
use of diffuse scattering more accessible and reliable.

However, there is no direct method of extracting
information on defects in crystals from the distribution
of diffuse-scattering intensity. Like the early stages of
classical structure analysis, the interpretation of dif-
fuse-scattering data is based on the trial and error
method. A researcher constructs the models of defects,
then, using these models, calculates diffuse scattering
and compares the results obtained with the experimen-
tal diffuse-scattering data. The availability of powerful
computers stimulates the use of the Monte Carlo
method—the exhaustion of all the possible parameters
of defects and their distribution in the crystal space [4].
Numerous exampl es of the extraction of information on
defects in crystals from diffuse-scattering data can be

found elsewhere [5-7]. Once the model of a defect is
established, one can apply the well-known algorithms
and programs for its refinement by the least squares
method using the known experimental diffuse-scatter-
ing data[8].

The great variety of defects in crystals does not
allow the creation of a unique approach and a general
algorithm for the interpretation of diffuse-scattering
data for al types of defects. Therefore, various
approaches are developed for each type of defect that
take account of the specific features and the nature of
these defects.

Below, we consider crystals only with point (mona-
tomic) defects of vacancy-, substitution-, and intersti-
tial-types. It is assumed that the structure of the mother
crystal without defects is known and that a formed
point defect givesriseto the displacements of the atoms
from their positions only within the first coordination
sphere. It is aso assumed that the displacements of
atoms located at longer distances from the defect are
infinitesimal, the unit-cell parameters are constant, all
the unit cells with defects have the same spatia struc-
ture, and that the defects are distributed over the crystal
arbitrarily. Then, the problem is formulated as the
determination of the spatial structure of the unit cells
with defects from the experimental data on diffuse scat-
tering.

Consider acrysta of finite dimensionsin the shape of
a paralelepiped consisting of N = N;N,N; unit cells of
which M unit cells have some defectsin theregular struc-
ture—the point defects. Introduce the foll owing notation:
Jy={m;,m,, ..., my,} isthe set of integer-valued coordi-
nates of the unit cells with defects and J, = {k,, k,, ...,
ky_wm} isthe set of coordinates of the unit cells without
defects. Obvioudly, J =J4 0 J, = {n;, n,, ..., ny} arethe
coordinates of all the unit cells of the crystal irrespec-
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tive of the presence or absence of defects. Now, let py(r)
and p,(r) be the atomic electron densities in the unit
cells with and without defects, respectively, and F4(h)
and F (h) be the corresponding structure factors. The
electron density of acrystal of finite dimensions can be
obtained as the convolution of py(r) and p,(r) with &
lattices of the sets Jyand J, [9], i.e., asp(r) = p(r, Jy) +
p(r, Jy. Using the well-known theorem on Fourier
transform of the convolution of the functions [10], we
arrive at the structure factor of the electron density of
the crystal in the form

F(h) = Fa(h)Dy(h) + Fy(h)Dy(h). D

The diffuse-scattering intensity is
lar(h) = [F(h)|* = [Fy(h)|*Ly(h)
+Fy(h)F; (h)Dy(h) Dy (h) @)
+F5 (h)Fy(h)Dg (h)Dy(h) + [Fy(h)|“Ly(h),
where
La(h) = [Dg(h)®, Ly(h) = [Dy(h)”.

Hereafter, the asterisk denotes the complex-conjugate
guantity. The functions

D4(h) = Z exp[—i2m(h, m)],

mOJq

Dy(h) =

kOJ

exp[—i2i(h, k)]

are in fact the Fourier transforms (structure factors) of
the o-lattices determined by the sets J, and J,,, respec-
tively. Equation (2) is the natural generalization of the
expression for the intensity scattered from an idea
crystal of finite dimensions for which

F(h) = F(h)Di(h), 1(h) = [Fy(h)[°Li(h),

where

Di(h) = % exp[-i2n(h, n)]

Aoy

is the Fourier transform (structure factor) of an ideal
o-latticeand

_ _n rsin(tth; N )

Li(h) = [Dy(h)” = r]DSnﬁm)[

is the Laue interference function. As is well known
[11], thefunctions D;(h) and L; (h) possess a number of
remarkable properties. Consider the most important
ones.

CRYSTALLOGRAPHY REPORTS Vol. 47

ANDRUSHEVSKY et al.

Thefunctions D;(h) and L, (h) are periodic,
Di(h) = Di(h+aq), Li(h) = Li(h+q),
where g are the reciprocal-space vectors with integer-

valued coordinates (the Bragg points).

Inal the Bragg points, these functions have the con-
stant values

Di(a) = N, Li(g) = N°. 3)

At the reciprocal-space points outside the Bragg
ones, we have

D;(h#q)/Di(gq)=1/N, Li(h#q)/Li(q)= 1/N?. “)

Thus, amost the whole integrated scattering inten-
sity is concentrated in the Bragg points

> (@)= [i(h)dn.
q

Because of the above properties, the experimental
intensities form arigorously discrete set of {I(q)} val-
ues measured at the reciprocal-space points with the
integer-valued coordinates. As is well known, this
information is quite sufficient for the construction of
the synthesis of the electron-density convolution in one
unit cell (the so-called Patterson function). The meth-
ods of interpretation of the Patterson function have
been developed in the classical structure analysis[12].

Now, proceed to the analysis of the analytical
expression of the diffuse-scattering intensity from crys-
tals containing point defects. The functions Dgy(h),
L4(h) and D(h), L (h) possess similar properties,

Da(h) = Dg(h+q), Lg(h) = Ly(h+0q),
Dy(h) = Dy(h+q), Ly(h) = L(h+q),
D(q) = M, Lg(q) = M?

Du(a) = N=M, Ly(q) = (N=M)%,

However, there are also some essential differences,
namely:

&)

Dq(h #q)/Dgy(q) (=) UM,
Ly(h #q)/Ls(q) £(=) LM, (6)
Dy(h#0q)/Dy(q) #(=) 1/(N-M),

Ly(h#)/L,(q) #(=) /(N-M)?,

(7
S (@) # [i(h)dn.

q
Relationships (6) and (7) reflect the fact that the dif-
fuse-scattering intensity is distributed over the whole
reciprocal space, whereas the character of the intensity
distribution depends on the distribution of defect-con-
taining unit cells over the crystal.
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Theinterpretation of diffuse-scattering data consists
in the following. Since it is impossible to construct a
sufficiently representative synthesis of the Patterson
function (the convolution of the electron density of the
whole crystal) because of the insufficient resolution of
the experimental data, the problem of theinterpretation
of such syntheses becomes even more difficult. The use
of Eq. (2) for numerical modeling and the comparison
of the models with the experimental data is very time-
consuming (the Monte Carlo method [4]). The use of a
priori known functions of the statistical distribution of
the distances between the unit cells with defects or the
microdomains of such unit cells (in the case of their
random uniform distribution) allows one to consider-
ably reduce the number of unknown parameters and to
solve the problem by one of the known methods [7].
However, the result thus obtained can be essentialy
dependent on the form of the predicted distributions,
whose adequate selection is an independent problem.

A more promising approach seemsto bethe solution
of the general problem of determining the structure of a
crystal with defectsin several stages. At the first stage,
one has to determine the spatial structure of the unit
cellswith point defects. At the second stage, one deter-
mines the characteristics of the spatial distribution of
unit cellswith defects.

With this aim, we have to write the formulas for the
analytical calculation of the diffuse-scattering intensi-
tiesin amore constructive way by using the technique
of the compensation of the electron density to the elec-
tron density of anideal crystal of finitedimensions. The
electron density py(r) of the unit cell with a defect can
be represented in the following equivalent form:

Pa(r) = pu(r) + Pa(r),
where
P(r) = pa(r) —pu(r) ®)
is the corrected electron density of the unit cell with a
defect (with the“ compensating subtraction”). Then, the
total electron density of the crystal isthe sum of the cor-

rected electron density of all the unit cells with defects
and the electron density of an ideal crysta

p(r) = p(r, Jg) +p(r, Jy).

Then, the structure factor of the electron density of the
whole crystal is

F(h) = Fa(h)Dgy(h) + Fy(h)Di(h),
where, in accordance with Eq. (8),
Fa(h) = Fy(h) —Fy(h). ©)
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Now, the diffuse-scattering intensity can bewritten as

L (h) = [Ea(h) "Lo(h)

+Fa(h)FJ (h)Dy4(h)D; (h) (10)

+F4 (h)Fy(h)D; (h)Dy(h) +[Fy(h)*Li(h).

Equation (10) has a number of advantages over
Eq. (2).

Based on Egs. (3) and (5), the intensities at the
Bragg points acquire asimpler form

I(q) = NZ[ C?[Fy|? + 2¢(1— C) (AA, + ByBy)

(11)
+ (1—c)2|Fu|2},

where c = M/N isthe concentration of the unit cellswith
defects and Fy(q) = Au(q) + 1By(q) and F(q) = Al(q) +
iB,(q) are the structure factors of the electron densities
in the unit cells with and without defects, respectively.

Equation (11) reflects the fact that the intensities of
the Bragg reflections are independent of the character
of the distribution of the unit cellswith defects over the
crystal; they depend only on the concentration of these
unit cells. The expression in bracketsin Eq. (11) is, in
fact, the structure factor (Fourier transform) of the gen-
eralized Patterson function,

P(r) = c’[pa(r) O pu(r)]
+2c(1-0)[pu(r) O py(r)]

+(1=¢)’[py(r) O pu(r)],

obtained as aresult of the convolution of thefunctionin
the form of the combination of two electron densities
with weights p(r) = cpy(r) + (1 — c)p,(r).

The expediency of using the intensities of Bragg
reflections for determining the atomic structure of the
unit cellswith point defects depends on their concentra-
tion.

It follows from Eq. (11) that the contribution to the
intensities of the Bragg reflections that comes from the
unit cells with defects at ¢ > 0.7 exceeds the total con-
tribution from the unit cells without defects and their
“correlation contribution.” Therefore, the generalized
Patterson syntheses described by Eq. (12) clearly revedl
the images of the atomic structure of the unit cell with
adefect. Thus, for the crystal structure of the composi-
tion K(Dyg o5, Ho 5)2[PO4], we have

(12)

1(q) = N2[0.9025|Fd|2 +0.095(A A, + B4B,)

+ 0.0025|Fu|2}
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and, therefore, the synthesis of the generalized Patter-
son function consists of three components,

P(r) = 0.9025P(r) + 0.095P,(r) + 0.0025P,(r). (13)

In this case, the superposition analysis of Patterson
function (13) readily localizes the hydrogen and deute-
rium atoms, because in the case of the replacement of
hydrogen by deuterium, the displacements of al the
other atoms are insignificant and cannot substantially
change the vector system of interatomic distances.
Then, one has to refine the positions of all the atomsin
the unit cell with a defect by the least squares method
with the use of Eq. (11) for the parametric modeling.

In the concentration range 0.3< ¢ < 0.7, Eg. (11) has
no dominating term, which considerably hinders the
analysis of the Patterson function. If the suggested
model of the spatial structure is correct, then it can be
refined by the least squares method.

At defect concentrations ¢ < 0.3, the refinement of
the atomic parameters for the unit cell with adefect can
fail evenif the spatial model is correct. In this case, one
hasto consider diffuse-scattering intensities outside the
Bragg points.

According to (4), at the reciprocal -space points out-
side the Bragg ones, the functions D; (h) and L; (h) have
infinitesimal values. Therefore, ignoring the three last
termsin Eq. (10), we arrive at an approximate expres-
sion for the diffuse scattering intensity:

L (h # @) OJFa(h)| Ly(h). (14)

It should be emphasized that, unlike Eq. (10), formu-
la(14) uses the effective structure factor described by
Eqg. (9). The property of periodicity possessed by the
function Ly(h) allows one to ignore, at the first stage,
the influence of the defect distribution over the crystal
space. Thus, we can use the following expression:

laa(h +@) [Falh + @) Lyth +@) _[Euth + g)f
ar(h) Bl "Loh) B’
Then, we can create a file of the experimenta
lie(h + )

Igir (h)
the least squares procedure to refine the atomic-struc-
ture parametersin the unit cell with point defects.

Based on the analytical formulafor the diffuse-scat-
tering intensity derived above and its analysis, we sug-
gested the agorithms for the determination of the
nature of defectsinthe unit cell depending on their con-
centrationin the crystal. Thus, it is shown that the prob-

.(15)

values and use Eg. (15) in the functional of
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lem of determining the spatial structure of the unit cells
with substitutional or interstitial atoms or vacancies
(point defects) can now be solved by the methods of
classical structure analysis, including the study of the
generalized Patterson function and the refinement of
the atomic structure of the unit cell with a point defect
by the least squares method.

The method for the determination of the L(h) func-
tion characterizing the distribution of defects in the
crystal space is an independent problem and will be
considered in our next publication.
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Abstract—The distribution functions of segment lengths of dislocation networks of different origin have been
analyzed using numerous experimental data. It was found that the experimental histograms are well described
by the functions of the type f"(x) = n(nx)"~ !/(n — 1)e™™, where x = I /I is alength of a segment of the dislo-
cation network, 00 s its average value, and n is the number of dislocation glide systems active during the for-
mation of the dislocation network. The most widespread dislocation networks are described by the functions
f.(X), wheren = 5. It is shown that the value of n can be determined from the type of the function f,(x). © 2002

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The widespread use of epitaxy and vacuum deposi-
tion of substancesin micro- and optoel ectronics, along
with the creation of inhomogeneous diffusion and
implanted layers of micron and submicron thicknesses
and areas on the same substrates, inevitably gives rise
to theformation of regions of microheterogeneous plas-
ticity and thus also stresses in electrooptic devices and
integrated circuits. When relaxing, these stresses lead
to the formation of various structural defects and, first
of al, large dislocation networks [ 1-20]. The geometri-
cal structure of dislocation networks was extensively
studied [10-12]. However, no statistical analysis of the
inhomogeneities of their structure has been performed
as yet. At the same time, the inhomogeneities of dislo-
cation networks give rise to the formation of local
uncompensated internal stresses, which, finally, may
change the electrical and the optical propertiesof active
layers [3-5]. Below, the statistical characteristics of
dislocation networks are determined by anayzing a
great number of experimental data.

RESULTS OF THE STATISTICAL ANALYSIS
AND DISCUSSION

We studied the statistics of the distribution of the
lengths of segments| between the nodes of the disloca-
tion networks. For each dislocation network micro-
graph, the measured values of | were reduced to the
dimensionless lengths x using the formula

x; = |00, (1)
wherej isthe number of the segment and [IListhe aver-

age segment length in the sampling. The calculated x
values in accordance with their frequencies were clas-

sified to construct the histograms for all the seventeen
casesindicated in Table 1.

The statistical data on the distribution of the seg-
ment lengths for al the crystals are listed in Table 2.
Analyzing these data and the corresponding 17 histo-
grams, we drew the following conclusions. Each histo-
gram has only one maximum corresponding to the most
probable range of segment lengths: (0.7-0.8)[ILJOn all
the histograms, the number of short segments rapidly
increases, whereas the distribution of long segments
decreases much more slowly.

2000

1000

O | |

1 2 3 x

Fig. 1. (1) Tota histogram of the distribution of reduced
lengths of dislocation segments and (2) the corresponding
approximation by the Fg-function.

1063-7745/02/4703-0475%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Table 1. Crystallographic and technological parameters of studied crystals

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Crystal Au |Si+P S +P* S +B*| Ge |CaAsShl GaAsP [InGaAsP| MgO Zn Cds Te Ti
Reference [4] - [7] [9] [8] [112] - [13] | [14] [15] [16] [17] [18] - [19] - [20]
Symmetry Cubic Hexagonal
Lattice type f.c.c. Diamond Sphalerite NaCl h.c.p. Wurtzite h.c.p. witha

SCrew axis
Group of periodic I v I, v I, VI I I, VI VI
system
Nature of Metallic Covalent Covaent—onic lonic Metalic Covalent Metdlic
chemical bond
Melting point, °C | 1063 1410 937 500 2825 420 1405 449 | 1658
Orientation [001] [111] [001] | [111] | [111] | [001] |[001] |[113A| [111] | [110] [0001] [1010]
[1171] ]
Technological Sintering| Diffu- lon implantation Stret- Liquid phase epitaxy Stret- |Ultraso- |Rolling |Electron| Uniaxia | Extru-
process sion ching ching |nicvib- irradia- | compression |sion
ration tion
Dislocation 101t =10° =101 =10°
density, cm
Didlocation type | Screw Edge 73°-dis- 60°-dislocations Screw Edge |Screw
loca-
tions

Geometry of Rectan- | Comp-| Hexa- | Rect- |Hexa | Rectan-| Rectangular |Comp- |Rectan- Hexagonal Comp- | Hexa
the dislocation gular lex gonal |angular|gona |gular lex gular lex gonal
network
Average length of 18 180 | 278 | 792 | 424 175 171 | 504 | 226 | 368 160 215 91.2 110 | 700 | 144 293
segments, nm
Atomic weight 197 28.08 ~73 ~144.64 40.3 65.37 144.46 ~128 | ~48
[lluminated 7.7x108 20 | 4.2 12 | 446 | 74 10 | 10 | 7 13 12 [52x10%26x10Y 1.0 2 | 53 2
volume of
the crystal,
cm?® x 1012

9Ly

AOYOLND
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Table 2. Frequencies of reduced lengths of dislocation segments for studied crystals
1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 15 16 17
Frequencies of reduced lengths of dislocation segments, n;
X 2 |8 Ef wlolslal, ?3; s =Nj| N/11843 | @
Flo|lo|lo |8 | |S|S|8|3[8|& |«

0-0.19 0 77| 17 0 0 95 0 0 0 0 0] 13 0 205 0.01731 0.01731
0.2-0.39 0] 385 71 3 7| 443 4 0 51 32| 24| 37| 22| 1033 |0.08722 0.10453
0.4-0.59| 18 | 550| 48 | 19 81400 O] 30| 12| 70| 34| 34| 31 1254 |0.10588 0.21041
0.6-0.79| 61 | 748|136 | 26 | 63 | 483| 57| 39| 11| 70| 40 | 33 6 | 1773 |0.1497 0.36011
0.8-0.99 | 174 | 792|257 | 53 | 60 | 481| 97 | 164 | 8 | 62| 28 | 22| 57 | 2332 |0.1969 0.55701
1.0-1.19| 84 | 737|122 | 35| 36| 290 O | 96| 42| 49| 20| 15| 38| 1564 |0.1321 0.68911
1.2-1.39| 88 | 561|165 | 44 | 33 | 254| 37| 48 8| 49| 23 6 | 57| 1373 |0.11593 0.80504
1.4-1.59| 33 | 440| 83 | 19| 21| 166| 18 | 10 0| 10| 15 4 7 826 [0.069776 [0.87479
1.6-1.79| 28 | 297| 35 1 41 197 0 6| 14 6| 14 21 19 623 10.052605 |0.9274
1.8-1.99| 11| 165| 22 3 5| 129 2 0 7 6 12| 10| 10 382 10.03226 | 0.9596
2.0-2.19| 13 60 5 0 3 88 0 0 4 2| 11 21 10 199 [0.0168 0.9764
2.2-2.39 1 10 4 0 0 82 0 0 0 3 7 3 4 114 |0.009626 |0.9861
2.4-2.59 2 11 1 0 1 53 2 0 5 2 8 0 4 89 10.007515 |0.9936
2.6-2.79 0 0 1 0 0 17 0 0 3 0 0 3 1 25 (0.0022111 [0.9957
2.8-2.99 0 0 0 0 2 17 0 0 0 0 0 1 0 20 [0.001689 |0.9974
3.0-3.19 0 0 0 0 0 8 0 0 0 0 0 1 0 9 10.0007599 |0.99815
3.2-3.39 0 0 0 0 0 4 0 0 3 0 0 0 0 7 10.0005911 |0.9987
3.4-3.59 0 0 0 0 0 2 0 0 0 0 0 0 0 2 10.0001689 |0.9989
3.6-3.79 0 0 0 0 0 3 0 0 0 0 0 0 0 3 10.0002533 | 0.99916
3.8-3.99 0 0 0 0 0 1 0 0 0 0 0 2 0 3 10.0002533 0.99942
4.0-4.19 0 0 0 0 0 5 0 0 0 0 0 0 0 5 10.0004222 | 0.99984
4.2-4.39 0 0 0 0 0 2 0 0 0 0 0 0 0 2 10.0001689 | 1.00

Total 513 4833|958 | 203 | 203 |3220|243 | 393 | 199 | 364 | 236 | 188 | 266 | 11843 |1.00 -

The dislocation networks have different geometries
for different crystals, plane indices, and methods of
layer application. It is explained by the nature of relax-
ation of stresses formed during the deposition of sur-
face layers described in numerous monographs. Below,
we make an attempt to reveal some general characteris-
ticsinherent in all the networks.

The analysis of the images of dislocation networks
shows that al the dislocation networks are topologi-
cally irregular and inhomogeneous. Although some

CRYSTALLOGRAPHY REPORTS Vol. 47 No. 3

fragments are ailmost periodic, e.g., in PbS/PbTe [2],
Si + P* [7], and in zinc [15], the common feature of all
the didocation networks is the statistical distribution
for al the main parameters of dislocation networks
(segment Iengths, the angles between these segments at
the nodes) irrespective of the bond type, the system of
the crystal, and the technological process during which
these networks are formed. The theory of dislocation
structures statesthat for any complicated stress state the
existence of only five glide systems s sufficient to pro-

2002
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X
2t (b)
1+
0 1 1

1
0.500.75 0.9 a3

Fig. 2. (8) (1) Histogram of the distribution of the reduced
lengths of dislocation segmentsin Te and the corresponding
approximation by (2) the Fs-function and (b) the probabilis-
ticline.

n (a)
100

50 1

0.50 0.75 0.90 0.976 a3

Fig. 3. (1) Histogram of the distribution of the reduced
lengths of dislocation segments in GaAl Sh/GaSh(100) epi-
taxial films, (2) its approximation by the F,-function (a) and
(b) the probabilistic line.

vide any deformation. Thus, we can assume that the
probability density of the segment-length distribution
obeys the following law:

5
57 4,-5x
=x1".

F(x) = 7

(@3]

GUTOROV

Distribution (2) has the maximum at the point x =
0.8. Comparing the total experimental distribution and
the distribution calculated by Eq. (2) (Fig. 1), we see
their good agreement. Thus, the statistical characteris-
tics of the ensemble of segment lengths (which is, in
fact, amixture of various dislocation structures) may be
described by the effect of five equivalent glide systems.
If the number of active glide systems at the heter-
oboundary is less than five, the distribution of segment
lengths in the dislocation network can be compared
with the following formula used for cal culation:

n(nx)n_l —nx
(n—l)| ' )

where n isthe number of the active glide systems.

Thus, it becomes possible to analyze the specific
features of generation of dislocations in different glide
systems by considering the deviation of the experimen-
tal length distribution from that given by Eq. (3).

The latter assumption was verified experimentally
on the dislocation networks formed in plasticaly
deformed Te and a the boundary of the
GaSh/GaAlSb(100) heterostructure obtained by the
method of the liquid phase epitaxy.

In accordance with the experimental conditions
(Table 1), three glide systemswere activein Te and four
glide systems, in GaAISb film. The corresponding his-
tograms and the probabilistic linesin Figs. 2 and 3 are
qualitatively described by the F;- and F,-distributions,
respectively.

Fn(x) =
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Abstract—The optical properties of inactivated and activated crystals with the structure of Ca-gallogermanate
have been studied. The components of the gyration pseudotensor for Sr;Ga,Ge,044 crystals are determined. In
the ultraviolet range of the spectra of all the crystals studied, the bands of circular and linear dichroism and the
anomal ous behavior of thelinear birefringence are observed irrespective of the activating dopant. The formation
of these bands is not associated with the electron transitions of doping ions and can be caused by structural
defects formed in the growth process. © 2002 MAIK “ Nauka/Interperiodica” .

Crystalswith Ca-gall ogermanate structure possess a
unique combination of physical properties—lumines-
cent, lasing, optical (including nonlinear), elastic,
dielectric, piezoelectric, etc. [1-4]. All these crystals
are related to the trigona—trapezohedral class 32 (sp.

ar. D§—P321) and have only one molecule in the unit
cell [4, 5]. The generation of the stimulated radiation
first observed in Nd3*-doped La;GasSiO,, crystals [1]
gave an impetus to complex studies of these inactivated
and activated crystals.

We studied the optical properties of inactivated
La;GasSiOy,, La;GasGeOy,, La;Gas sNb, 50,4,
La;Gas sTa, 0,4, Ca;Ga,Ge,O,4, and Sr;Ga,Ge O,
crystals [6, 7] and measured the dispersion depen-
dences of the absorption and linear-dichroism (Ak)
coefficients (Fig. 1) and also the refractive and birefrin-
gence (on) indices (Fig. 2). Figures 1 and 2 show that,
in the ultraviolet range of the spectrum, the dispersion
curves AK(A) and dn(A) of al these crystals behave
anomalously. This behavior and other data obtained
have not been interpreted as yet.

Since the crystals of this class are widely used in
practice, it is very important to establish the cause of
these anomalies by studying experimentally both inac-
tivated crystals and crystals activated by the dopants of
the iron group.

We investigated the optical activity, including the
circular dichroism, of chromium-, manganese-, and
nickel-doped La;Ga;SiO,, crystals and chromium-acti-
vated Sr;Ga,Ge,O,, crystals.

The crystals of high optical quality were grown by
the Czochralski method with the use of high-frequency
heating on a setup with a platinum crucible [8]. The
dopant concentration in the melt was 0.1 wt %.

CIRCULAR-DICHROISM SPECTRA
OF ACTIVATED La,GasSiO,, CRYSTALS

The absorption spectra of LayGasSiO,, : Cr,
La;GasSiO,, : Ni, and La;GasSiO,, : Mn crystals were
measured on 2.4-3.5-mm-thick samples oriented nor-
mally to the optic axis on a Specord-40 spectrophotom-
eter in the range from 250 to 900 nm. It was established
that the bands observed in the spectra correspond to the
Cr*- and Cr**-ionsin the octahedral and the tetrahedral
coordination, respectively, and to Mn?* and Ni?* ionsin
the octahedral coordination.

The circular-dichroism spectra of these crystals had
the bands corresponding to the electron transitions in
activating ions and were also present in the absorption
spectra. Moreover, the circul ar-dichroism spectra of all

Ak, 1076
10

S N B~ D
T

1 1 1 1 1 1
250 300 350 400 450 500
A, nm
Fig. 1. Linear-dichroism spectra of (2) LazGasGeOy,

(3) La3Gas sNby 5014, (4)  Ca3GayGeyOyy, and (5
Sr3Ga,Gey0 4 Crystals.

1063-7745/02/4703-0480$22.00 © 2002 MAIK “Nauka/ Interperiodica’



ANISOTROPIC OPTICAL PROPERTIES OF CRYSTALS

the crystals had the maximum in the range 270-370 nm
that cannot be attributed to the activating ions.

As an example, Fig. 3 shows the circular-dichroism
spectrum of aLa;GasSiO,, : Ni** crystal. Inthe visible
range of the spectrum, only the bands with the maxima
at 400 and 650 nm are observed. These maxima corre-
spond to two electron transitions of Ni** ions in the
octahedral coordination, namely, *A,; — T, y(P) and
3Ayg — 3T o(F). In addition, acomplex band with the
maximum at ~340 nm not associated with Ni** ionsis
observed in the ultraviolet range of the circular-
dichroism spectrum. A similar band in the range of
330-340 nm is aso observed in the spectra of
La;GasSiO,, : Mn** and La;GasSiO,, : Cr** crystals
and in the spectra of inactivated La;GasSiO,, crystal
(Fig. 4).

Similar bandsin the circular-dichroism spectrawere
also observed in both inactivated and chromium-acti-
vated Ca;Ga,Ge,0,, and Sr;Ga,Ge,0,, crystals[9, 10].
It was assumed that the bands in the vicinity of 340 nm
in circular-dichroism spectra of these crystals should be
attributed to defects formed during the growth process.
It seemsthat the bands observed in thisrange of the cir-
cular dichroism spectra of La;GasSiO,, crystals are
also associated with defects formed during crysta
growth.

Comparing thedatain Figs. 1, 2 and 3, 4, we can see
that the regions of the anomalous behavior of disper-
sion in linear dichroism and linear birefringence of
inactivated crystals coincide with the positions of the
bands in the circular-dichroism spectra of both inacti-
vated and activated crystals. The results obtained lead
to the conclusion that al the crystals studied have
“growth defects,” which manifest themselvesin the cir-
cular-dichroism spectra of these crystals obtained along
the optic axis and in the linear-dichroism spectra
obtained normally to it.

OPTICAL ACTIVITY OF CRYSTALS
WITH Ca-GALLOGERMANATE STRUCTURE

Earlier [6], we obtained the dispersion dependence
of the specific rotation of the polarization plane, p(A),
for anumber of inactivated crystals (Fig. 5). For com-
parison, Fig. 5 also indicates the values of specific
rotation for quartz crystals. In asimilar way, we mea-
sured the rotatory power along the optic axis for crys-
tals activated by various ions, La;GasSiO,,: Cr’*,
La;GasSiO,, : Ni**, La;GasSiO,, : Mn?*, Ca;Ga,Ge, O, :
Cr**, and Sr;Ga,Ge,O,, : Cr**. The values of specific
rotation of the polarization plane practically coincide
with the values obtained for transparent crystals.

Knowledge of the specific rotation p(A) allows the
determination of only one component of the pseudogy-
ration tensor, g;;. The second component, g,,, can be
determined only upon the corresponding measurements

CRYSTALLOGRAPHY REPORTS Vol. 47 No. 3
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Fig. 2. Dispersion dependences of birefringence of
(1) La3Ga5Si014, (2) La3Ga5GeOI4, (3) La3Ga5‘5Nb0_5014,
(4) CazGayGe, Oy, (5) Sr3GayGeyO1 4, (6) LazGas 5Tag 5014,
and (7) SiO, crystals.

Ag, 1073, cm™!
gL
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Fig. 3. Circular-dichroism spectrum of a LazGa5SiOqy:
Ni%* crystal.

Ag, 1073, cm™!
15+
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Fig. 4. Circular-dichroism spectrum of an inactivated
La3GaSSi014 CI’yStal .

on aplate cut out parallél to the optic axis [11]. While
measuring the optical activity of the crystals along the
directions that differ from the optic axis, it is necessary
to take into account absorption and linear dichroism.
For the azimuth of the transmitted light X ; and two
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Fig. 5. Specific rotation of the polarization plane in
(1) La3GaSSi014, (2) L33G35G6014, (3) La3Ga5.5Nb0_5014,
(4) Ca3Ga2Ge4014, (5) Sr3Ga2Ge4014, and (7) SlOz CI’yS—
tals.
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Fig. 6. Dependence of the polarization azimuth of the trans-
mitted light for aplate cut out parallél to the optic axis of the

S13Ga,Ge,0y 4 : Cr** crystal (d = 0.96 mm). Light polariza-
tion: @ normal to the optic axis and a paralé to it.
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Fig. 7. Dispersion of the components of the gyration pseudot-
ensor gll and g33 in the SI'3G32G€4014 : C13+ CI’yStd .
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polarizations of the incident light (|| and [J denote the
polarizations parallel to and normal to the principal
plane), we have

tan2y, n = —2ke™sinA,

where, for the plate cut out parallél to the optic axis, k =
0,,/2n,,0n is the elipticity of the eigenwaves in the
crystal, n,, is the average refractive index, and A =
21(dn)/A, & = 21d(AK)/A, where dn and AK are bire-
fringence and dichroism of the plate, respectively.

The azimuths of the transmitted light, X,(A) and
Xo(A), in the wavelength range from 270 to 660 nm
were measured on the plates cut out from La;GasSiO,
crystals [7]. We made similar measurements on the
plates cut out paralel to the optic axis of Cr-activated
Sr;Ga,Ge,0,, crystals (Fig. 6). It is seen that in the
ultraviolet range of the spectrum, the dependences
XA and X(A) are somewhat different, which is
explained by the effect of linear dichroism. To deter-
mine the sign of g,,, the measurements were made on a
thin (d = 0.01 mm) plate. It turned out that, for aright-
handed crystal, g,, is positive, whereas g5 is negative.
The dispersion of the components g,, and g,; for a
Sr;Ga,Ge,0,, : Cr** crysta is shown in Fig. 7. The
dopant in a concentration of up to 0.1 wt % does not
change the gyration-tensor components, and, thus also
the rotatory power of the crystals with the Ca-galloger-
manate structure, since the dispersion of these quanti-
ties is determined by the bands located in the vacuum
range of the spectrum.

CONCLUSION

The spectra of all the crystals with Ca-galloger-
manate structure, both inactivated and activated by ions
of the iron group, have a circular-dichroism band not
associated with the electron transitions of doping ions.
The nature of this band seems to be associated with the
defects formed in the crystal structure during their
growth. Linear dichroism and linear birefringence
observed in the range 270-370 nm in inactivated crys-
tals with the Ca-gallogermanate structure also confirm
this assumption. It should be indicated that the study of
the EPR spectra of inactivated La,GasSiO,, crystals
revedled no paramagnetic centers. Therefore, the
defects observed in the circular-dichroism spectra of
these crystals cannot be of a paramagnetic nature.
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Abstr act—The temperature dependence of spontaneous polarizationin SoNbO, : Fe crystals has been studied.
The temperatures of the ferroelectric and the structural phase transitions (537 + 1) K and (876 + 1) K are deter-
mined from the permittivity data. The anomaliesin the temperature dependence of Pg provided by the presence
of the Feg,, and (O;Vg,)-type impurity centers are observed in the whole range of ferroelectric ordering. In the
SbNbO, structure, the macrofragments—two types of mesotetrahedra formed by Sb ions and NbOg-octahe-
dra—are established, which are responsible for the spontaneous polarization of the crystal. © 2002 MAIK

“ Nauka/Interperiodica” .

Spontaneous polarization Pg is the central problem
in al the pyroelectric classes of crystalline media,
because P, is aphysical parameter widely used in vari-
ous phenomenological theories [1-3]. Therefore, the
study of the specific features of its behavior under the
action of various external factorsis quite timely.

Unfortunately, the theoretically calculated data
based on the model representations [1, 2] for such a
complex dynamic system as a crystal are far from reli-
able. The model representations can be made more ade-
quate to the real situation if one uses the crystallo-
graphic approach [4], which allows the description of
the structure of noncentrosymmetric crystals by using
the physical parameters that can be transformed as ten-
sor quantities with weights, L = 1, 2, and 3. The struc-
tures of noncentrosymmetric crystals can be considered
as mesofragments or various combinations of tetrahe-
dra obeying certain symmetry reguirements. Although
this approach allows one to pass from the analysis of
atomic displacements to the analysis of distortions of
these mesofragments during phase transitions, the
problem of the quantitative determination of spontane-
ous polarization is yet to be resolved. Therefore, the
experimental studies of spontaneous polarization in a
wide temperature range under the action of various
external factors, and, especially, those of the selective
change of the ferroelectric properties caused by the
doping of crystals, has become very important.

Doping crystals, including ferroelectric ones, is
accompanied by considerable changes in the energy
spectrum of the crystal lattice [5]. On the one hand, the
present defects break the translation symmetry of the
crystal, which results in the delocalization of the wave
functions of the atoms and the formation of tails of the
function of electron-state density in the Brillouin zone
penetrating deeply into the band gap. On the other
hand, some defects can be charged more pronouncedly

than the lattice and, thus, lead not only to the formation
of impurity levels in the band gap, but also to depolar-
ization of the crystal fields in the crystal bulk deter-
mined by the efficiency of the lattice—defect interac-
tions. Despite the fact that, in both these cases, the
tranglation symmetry of crystalsis broken, the problem
of phase transitions in the crystal-dopant systems with
defects was theoretically considered in detail in mono-
graphs|6, 7]. In accordance with the terminology intro-
duced in [7], thefirst defects are related to the “random
local field” type, the second defects, to the “random
transition temperature” type or T-defect. The expres-
sions derived within the framework of this phenomeno-
logical approach that describe the order parameters as
functions of the concentration of noninteracting defects
have several parameters whose evaluation requires not
only the conduction of some additional experiments,
but also the development of new growth technology.

Nowadays, the great practical need for pyroelectric
elements efficient at room temperatures makesit neces-
sary to use the traditional methods of search for new
media (matrices) and new methods of their doping. Of
all the diverse methods of doping, one should pay spe-
cia attention to isomorphous dopants, whose use at low
concentrations correspondsto the formation of T-defects.
Below, we consider the results obtained for SnNbO,
crystals doped with isomorphous dopants. Thus, dop-
ing with Fe provides a considerable decrease in the
phase-transition temperature. However, the pyroelec-
tric data [8, 9] do not allow the detailed reconstruction
of the behavior of spontaneous polarization in anti-
mony orthoniobate in the whole range of ferroelectric
ordering. The existence of impurity levels in the band
gap against the background of the tails of the electron-
state density function results in the complex tempera-
ture dependence of conductivity in SbNbO, : Fe crys-
tals, which makes the P, data dubious in the whole
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existence range of the ferroelectric state. This is also
confirmed by the measurements of the pyroelectric
coefficient y(T), which is practically constant in the
whole range of T, from 300 to T, — 100 K. In the low-
temperature range, the presence of a noncontrollable
impurity and crystallization water and also the possible
nonstoichiometry of the crystalsresult in the formation
of some anomalies observed in some polar crystals
[10-12]. Therefore, the study of spontaneous polariza:
tion at low temperaturesis as important as the study of
the influence of various isomorphous dopants on the
P«(T) dependence in the vicinity of the phase transition.
Below, we consider the ferroelectric properties of iron-
doped antimony orthoniobate crystals studied in the
temperature range from 4.2 to 900 K.

EXPERIMENTAL

A SbNbO, crystal (sp. gr. Pna2,) is arepresentative
of the ABO, family of ferroelectrics (A= Sband Bi, B =
Nb, Ta, and Sb). The SbNbO, single crystals were
grown on a seed by the hydrothermal method [9] and
had arather low resistivity (10° Q cm). Their impurity
levelsindicated the deviation of the crystal composition
from stoichiometry SbNbO, because of the presence of
Sb vacancies. The introduction of iron oxide into the
charge changed the intensity of crystal color and pro-
vided the growth of large usually faceted single crys-
tals, which considerably facilitated the orientation of
the samples. We selected from a large number of crys-
tals only dlightly colored ones having a single-domain
structure to cut out 3.2 x 4.2 x 1.1-mm? rectangular
z-cut samples. The silver electrodes were applied onto
the samples by vacuum sputtering. For the temperature
measurements, we selected two SbNbO, samples
grown from the charge containing ~1.6% iron oxide.
The resistivity of the samples varied from 10° Q cm at
T~500K to10°Q cmat T~ 300K.Anincreasein
resistivity and the lower color intensity of the samples
indicated the replacement of a large number of Vg,
vacancies by iron. The influence of fatigue caused by
defect migration during crystal repolarization and the
formation of spatial charge due to thermally-excited
carriers on the reproducibility of the results did not
exceed the measurement error (£5%).

METHODS AND MEASUREMENTS

In order to determine the temperature range of fer-
roelectric ordering in SbNbQO, : Fe crystals in a weak

field with frequency of 10° Hz, we studied the temper-
ature dependence of the coefficient 8;3 of the permit-
tivity tensor (or, more exactly, of its real part Re£;3).

The behavior of 8;3 asafunction of Tisshownin Fig. 1.

The data obtained confirm the fact that doping withiron
considerably (by ~140 K) decreases the temperature of
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Fig. 1. Temperature dependence of the real part of the sgg

component of the permittivity tensor of SONbO, : Fe crys-

tals. The indicated temperatures correspond to the ferro-
dectric (537 K) and the structural (876 K) phasetransitions.

the ferroelectric phase transition in comparison with
the temperature of this transition in undoped crystal
(Tc = 678 K) [9]. The incorporation of iron into the
antimony orthoniobate lattice does not affect (within
the measurement error) the temperature of another
phase transition.

While studying P(T) in the temperature range from
4.5 to 600 K, we encountered a number of technica
problems associated with the equipment used and the
specific features of the object. The preliminary experi-
ments provided the solution of the methodical part of
the problem. Thus, at temperatures lower than 350 K,
i.e., the temperatures at which repolarization of the
samples required the application of the fields compara-
ble with the breakdown fields, we measured not Pg 4(T)
of the doped sample, but the difference AP, = Pg «(T) —

Pg, where Pg is the spontaneous polarization at T = 0.

The measurements were made in a flow-type helium
cryostat by the standard quasi-continuous method. The
sample was fixed on a cooling rod with the aid of a sil-
ver paste. The data obtained corresponded to the effec-
tive AP, values for practically mechanically-free
SbNbO, : Fe samples. At the sample temperatures
exceeding 350 K, the repolarization curves of the
SbNbO, : Fe sampleswere recorded by a storage oscil-
loscope and then were used to calculate their spontane-
ous polarization. To take account of the systematic
errors caused by the changein the sampleresistivity, we
used the compensation method suggested in [13]. The
measurement errors did not exceed £5%.

The experimental data on the spontaneous polariza-
tion of SbNbO, : Fe crystals in the temperature range
from 4.5 to 600 K are shown in Fig. 2. The measure-
ments indi cate the existence of two temperature ranges,
aand b, where the behavior of Pg 4(T) is of anomalous
character—(a) the range of low temperatures (Fig. 2a),
where the measured data characterize the behavior of
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Fig. 2. Temperature dependence of spontaneous polarization of SONbO, crystals. The solid line indicates the theoretically calcu-
lated curve. In the insets: the contribution of defectsin the (a) low- and (b) high-temperature ranges.

AP, with due regard for the contribution introduced by
defects and (b) the temperature range corresponding to
the range of the ferroelectric transition where the con-
tribution from defects was calculated (Fig. 2b) (see
below).

The tails of the spontaneous polarization curves do
not allow the evaluation of the ferroel ectric phase-tran-
sition temperature with sufficient accuracy from the
experimentally measured spontaneous polarization.
Therefore, we used the value T = (537 £ 1) K corre-

sponding to the maximum of the 8;3 function (Fig. 1).

The spontaneous polarization in SbNbO, : Fe corre-
sponding to the practically mechanicaly-free state of
the crystal at T =300 K equals (0.10 + 0.01) C/m? and
has a tendency to increase at |ower temperatures.

DISCUSSION

The above experimental data on the temperature
dependence of spontaneous polarization confirmed by

the measured coefficient 8;3 (T) of the permittivity ten-

sor indicate the pronounced influence of doping on the
parameters of ferroelectric ordering in antimony ortho-
niobate. The incorporation of iron into the SbNbO, |at-
tice resultsin a considerable shift in the temperature of
the second-order phasetransition toward T < T, and the
formation of two anomalies in the P (T) dependence
at high (T > 537 K) and low (T < 20 K) temperatures.

Aswasshownin [6, 7], adecreasein the phase-tran-
sition temperature by 141 K is explained by the pres-
ence of rigid or T-defects whose local symmetry
remains unchanged also in the ferroelectric phase. It is
most probable that these defects are Fe** ions occupy-
ing Sb vacancies. In this case, the doping-induced per-
turbation does not essentially change the behavior of
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the crystal—-dopant system and, in the first approxima-
tion, allowsthe phasetransition with the critical indices
corresponding to the ideal crystal [7]. The approxima-
tion of the spontaneous-polarization tail at tempera-
tures T > 537 K (Fig. 2b) yields the exponential depen-
dence

APY(T) = Pgexp[—a(T/T, 4—1)],

where Py =5 x 103 C/m2, a = 20, and T, 4 = 537 K is
the phase-transition temperature in the crystal—dopant

system. SinceA PS < Pg 4, then, inthefirst approxima-
tion, the effect of the impurity can be ignored. Then,
one can readily see that in the temperature range from
T, ¢—100to T 4, the temperature dependence of spon-
taneous polarization obeys the power law

1
Pea(T) = Pea(1-T/Te o)™

where P, isthe constant equal to 0.18 C/m2and T, 4=
537 K. This dependence is characteristic of ferroelec-
trics undergoing second-order phase transitions. Thus,
one can readily calculate the contribution from defects
(Fig. 2b).

The anomaly in the low-temperature range is asso-
ciated with a completely different type of defects,
whose contribution to the spontaneous polarization of
SbNbO, : Fe does not exceed 4 x 10° C/m? and, asis
seen from the experimental data in Fig. 2a, decreases
with an increase in the temperature. This behavior is
characteristic of defects that are weakly bound to the
lattice and possess a certain dipole moment. These
defects can be interstitial oxygen vacancies forming
donor—acceptor pairs with antimony atoms. This
assumption is confirmed by the experimentaly
observed decrease in conductivitiesin iron-doped sam-
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ples. Thus, for an ideal pyroelectric P~ T*at T — 0
[14], it can be assumed that the changes in spontaneous
polarization observed in this T range characterize, in
the first approximation, the contribution of the defect
subsystem to thetotal P 4 attaining its maximum value
pgN at T— 0, where py isthe effective dipole moment
of adefect and N isthe defect concentration. Assuming
that the concentration of the donor—acceptor pairs does
not exceed 10'¢ at/cm?, we arrive at the estimate of py
equal to ~100 D.

The incorporation of a dopant into the antimony
orthoniobate lattice not only decreases T but also
changes the spontaneous polarization of the doped
crystal. There are no direct data on Pg for nominally
pure samples. Our estimates of this quantity from the
experimentally measured pyroelectric data [8, 9] for
both doped and undoped samples range within 0.2—
0.25 C/m? at T = 300 K. The discrepancies between
these val ues and our data can be explained by anumber
of facts and, in particular, by the presence of defects
and their associates with dopants. This results in the
partial reduction of the polarization value observed dur-
ing the recording of hysteresis loops and in the low
accuracy of the measured pyroelectric coefficient,
which is seen, first of al, from the spreading of the
dependence of this coefficient in the vicinity of the
phase transition and the almost constant value of y4(T)
in the temperature range from 300 K to T.— 100 K [9].

Within the framework of the phenomenological the-
ory [7], the change in the phase-transition temperature
in aferroelectric with T-defectsis described as

where N, isthe concentration of T-defects, A, A, arethe
coefficients of the expansion of the density function of
the thermodynamic potential in the order parameter,
and a' is a certain fitting parameter having the values
less than unity in isomorphous substitutions. The sub-
stitution of the above values at the concentration of
T-defects equal to ~10'-10'7 at/cm? yields the A/A,
ratio equal to 2 x (10-17—-10-18) cm3.

The theoretical calculations for the model crystal—
dopant systems allow one to draw only qualitative con-
clusions based mainly on the fact of the loss of the
tranglation symmetry of the medium [6]. In the general
case, each defect breaking the translation symmetry can
delocalize the wave functions of the atoms forming the
lattice (matrix). At T — 0, the doping-induced static
distortions of the lattice can have values comparable
with the mean-square values of the thermal fluctuations
of the atomic coordinates of the local order of the
matrix, which promotes the formation of the defect
subsystem in the SbNbO, structure. The formation of
the local-disorder regions results in a reduction in the
correlation length, which, in turn, decreases the temper-
ature of the ferroelectric phase transition to T, 4 at
which the correlation length attains its critical value.
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In the case of the SbNbO, structure (Fig. 3a), theiron
dopant isomorphoudy replaces the antimony vacancies
forming, according to [15], the ferrodectricaly active
sublattice of the initial matrix. This replacement is quite
real, because the interatomic Sh—O distances vary within
widerangeswith anincreasein T. Theincorporation of the
impurities into the NbOg-octahedra is hardly probable,
because this structure is rather rigid. The presence of
SbNbO, cavities provides the incorporation of intersti-
tial oxygen into the sample, which, with a high degree
of probability, should result in the formation of donor—
acceptor pairs of the (O;Vg,)-type.

Itisalso possibleto consider the antimony orthonio-
bate structure in a different way [4], as a combination
of two deformed mesotetrahedra A and B (Fig. 3b) shar-
ing oxygen atomsin the (001) plane. Therepresentation
of any structure (and not only of SbNbO,) as a combi-
nation of mesotetrahedra reveals the loss of the local
symmetry with respect to the center of inversion (the
opposite crystallographic directions from the center to
the vertex and from the center to the tetrahedron base
are not equivalent). Within the framework of this
approach, the specific feature of the [001directionsin
the structure can be preserved if one proceeds from the
statement that the charge states of mesotetrahedra are
characterized not only by different magnitudes, but also
by different dipole moments aligned in two opposite
directions. Only in this case, the dipole moments are
linearly independent, i.e., preserve their orientations
with respect to the symmetry operations in the group
mnm2 [16]. This motif in the SbNbO, structure allows
the establishment of the character of medium distortionin
its trangition from the ferrodectric to the antiferroelectric
(Pnam) phase (Fig. 3b). Thus, we can draw the conclusion
that mesotetrahedra are strongly distorted because of
the considerably different radii of antimony and iron.

In the first approximation, the deviation of the
SbNbO, structure from centrosymmetricity can be rep-
resented not only graphically but can also be described
analytically by introducing the physical parameters
invariant with respect to the symmetry operations[4]. It
was shown [16] that for crystals described by the point
group mn2, there are five invariants—the first two,

Pél) and Péll), are related to the subspace of vectors;

the third one Q3 , to the subspace of pseudodeviators;

and the fourth and the fifth ones, ('3)1 and (gz),to the

subspace of septors (i.e., fully symmetric third-rank
tensors). Thus, the second-order phase transition from
the ferroelectric to the antiferroelectric phase (mn2—
mmm) should be described by a multicomponent order
parameter, because for the point group mmm, the sub-
spaces of vectors, pseudodeviators, and septors are
empty [16]. The first two invariants can be used to
describe the spontaneous polarization of crystals.
Therefore, onecan singleout at least two sublatticesinthe
structure motif of any ferroglectric crystal possessing
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Fig. 3. (8) Structure of antimony orthoniobate and (b) its representation as a combination of two types of mesotetrahedra, A and B.

approximately equal spontaneous polarizations but ori-
ented in two oppositedirections. The sameistruefor anti-
mony orthoniobate shown in Fig. 3b, where both sublat-
ticesformed by A and B mesotetrahedra are clearly seen.
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Abstract—The effect of an increase in an external static load on the shape of wedgelike twins formed in the
vicinity of stress concentratorsin Bi crystals has been studied. A new method for investigating the intermediate
stages of mechanical twinning in metals is suggested. It is shown that the applied load is not the determining
factor in the development of plastic deformation via twinning in metal crystals. © 2002 MAIK “ Nauka/Inter-

periodica” .

FORMULATION OF THE PROBLEM

The concept of mechanical twinning in crystals was
formed mainly on the basis of the data on plasticity of
ionic crystals, where deformation via twinning occurs
in its purest form, i.e., is not accompanied by gliding
[1]. The description of the multistage formation of a
twin interlayer is based on the data on the changes in
the shape and dimensions of this interlayer with an
increase of mechanical stresses in calcite and sodium
nitrate crystals [2]. The dislocation theory of elastic
twinning in crystals [3] is based on the reliably estab-
lished experimental fact observed in calcite: the length
of awedgelike twin and its profile are uniquely deter-
mined by the applied concentrated load [4].

Obviously, similar studies are also very important
for metals, where, usually, twinning and gliding occur
simultaneously [5]. The mutual influence of these pro-
cesses considerably changes the growth kinetics of
deformation twins whose nucleation and further devel-
opment in areal metal crystal containing defects of dif-
ferent nature and strengths under conditions of either
preceding or simultaneous gliding are determined by a
number of random factors and, thus, cannot be pre-
dicted [6]. Up to now, no rigorous characteristics of the
kinetics of plastic deformation via twinning in loaded
metal crystals have been established. Thisis explained,
first and foremost, by the experimental difficulties: con-
trary to transparent ionic crystals, loaded metal crystals
allow no direct observation of the growth dynamics of
a mechanical twin. In this study, we observed for the
first time the evolution of the shape of wedgelike twin
interlayersin ametal crystal under conditions of astep-
wise increase in the applied concentrated |oad.

Bismuth crystals were not selected by accident.
Both calcite and bismuth crystals are classical materials
for studying the laws of puretwinning in metal crystals.
A number of publications are dedicated to twin inter-
layers in bismuth and their effect on the physical prop-

erties of twinned crystals, which is explained by anum-
ber of reasons.

At all the twinning stages in bismuth crystals over a
wide range of temperatures, it is preceded and accom-
panied by gliding [7]. Both calcite and bismuth single
crystals belong to the trigonal system. This allows one
to compare the obtained experimental results with the
known data on pure twinning, reveal the common fea-
tures of thistype of plastic deformation in various crys-
tals, and study the specific features of restructuring
caused by twinning accompanied by gliding.

The method of growth and preparation of Bi speci-
mens is rather simple. Bismuth crystals have a low
melting point and possess perfect cleavage. The
(111)Bi cleavage is a natural metallographic section
requiring no additional treatment and, therefore, can be
studied directly under a microscope [8].

Finally, bismuth and bismuth-based alloys are
promising materials for technology and, therefore, the
study of their mechanical properties are of great practi-
cal interest.

EXPERIMENTAL

Bismuth single crystals were grown by the Kapitsa—
Shubnikov method [9]. The necessary crystal orienta-
tion was set by the seed.

The specimens in the shape of rectangular 10 x 10 x
5-mm prisms were cleaved by a sharp knife along the
(111) planeat liquid nitrogen temperature. To prevent the
formation of relief waves on the specimen surface caused
by the decel eration and arrest of cleavage-induced cracks
[10Q], a shock stress was applied to the knife. The high
velocity of the crack propagation along the cleavage pro-
vided a high quality of specimen surface.

The specimen structure was checked using the
method of selective chemical etching [10]. The speci-
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mens used in our experiments had an initial dislocation
density in the non-basal planes of about ~10° cm2.

The setup for studying residual wedgelike twinsin
metal specimenswas based on a PMT-3 metallographic
microscope providing crystal deformation by the appli-
cation of a concentrated load to the specimens and the
control of the quantitative parameters of the externa
factors.

The mgjor difficulty in recording intermediate stages
of plastic deformation in metals was overcome by using
the originad method of the repeated specimen indenta
tion. The studies were performed according to the fol-
lowing scheme: indentation (pointlike deformation of
the crystal within the controlled time of loading) —
specimen unloading —~ measurements of the dimen-
sions of al the twins formed in the vicinity of the
impression — the change of the external-load param-
eters (increase of the load) and the repeated indentation
in the same pit — specimen unloading — measure-
ments of the same parameters, etc. At each unloading
stage, we took the photographs of the deformation
zone.

The following notation is used. Twins generated in
the vicinity of the impression upon the first indentation
are called primary twins and twins formed upon the
repeated indentation are called new twins.

Special experiments showed that the repeated
indentation of the same pit by a constant load applied
for the same time does not change the shape, dimen-
sions, and number of primary twins. Specimen unload-
ing at different stages of the formation of atwin inter-
layer fixes the positions of its boundariesfor practically
any period of time. An increase in the load during
repeated indentation in the same pit resultsin the resto-
ration of plastic shear at twin boundaries. This smple
technique allows the direct observation of the effect pro-
duced by variousfactors on theformation of an ensemble
of twinsin the vicinity of a stress concentrator.

EXPERIMENTAL RESULTS
AND DISCUSSION

Depending on the method of specimen deformation,
mechanically-induced twin interlayers have different
shapes. It is well known that a stable twin of finite
dimensions can be formed only if the stresses are con-
centrated in the region containing a source of twinning
didocations[1, 3].

To obtain wedgelike twins in bismuth single crys-
tals, the latter were deformed with the aid of adiamond
prism of a PMT-3 apparatus (point loading) by indenta
tion of the (111) plane at room temperature (Fig. 1). An
external load wasincreased in a stepwise manner in the
range from 0.05 to 0.9 N. The indentation time in each
loading stagewas 5 s.

Under these conditions, both types of plastic defor-
mation occurred in the vicinity of the impression. Glid-
ing proceeds along two systems: dight basal gliding

CRYSTALLOGRAPHY REPORTS Vol. 47

BASHMAKOV, CHIKOVA

along the{ 111} 110Cystem and secondary gliding with
a higher yield stress along the {111} 100Csystem [11],
whereas twinning proceeds along the {110}0010sys
tem [12].

Twins formed under the action of concentrated
mechanical stresses have awedgelike shape both in the
cleavage (111) and in the shear (110) planes. The
angles formed by the cleavage plane and any of the
three twinning planes in bismuth crystals equal 35°
[13]. This signifies that the cleavage plane is the only
crystallographic plane in which all three possible twin-
ning planes are orientationally equivalent during inden-
tation of a Bi specimen. The concentrated load applied
normally to the (111) plane results in the formation of
the maximum number of twins around the impression.

The properties of twin boundaries in the cleavage
and shear planesare essentialy different, whichisasso-
ciated with different behavior of the edge and the screw
components of twinning dislocations[14]. The study of
twins on the cleavage plane providesinformation on the
screw dislocations forming the twin boundaries,
whereas the study of twins on the shear plane provides
information about the edge dislocations. Since we stud-
ied the (111)Bi plane, the information obtained charac-
terizes the devel opment of ensembles of screw compo-
nents of twinning dislocations at the boundaries of
wedgelike twins.

The singleindentation of abismuth specimen yields
identical patternsirrespective of theload applied. In the
vicinity of the pyramid impression, anumber of wedge-
like twins of different shapes and dimensions are
formed (Figs. 1a-1€). The study of more than two thou-
sand twins formed due to single loading of the speci-
menswith anincreasing load revealed alarge variety of
twin wedges, however no direct correspondence
between the load value and the profiles of the residual
twininterlayer was established. A twin of any shape can
be formed at any load. Such a method of deformation
does not allow the observation of the evolution and
geometry of theinterlayer boundary with an increase of
the load, because al the twins formed upon single load-
ing are primary twins.

Changing the diamond pyramid for a spherical
indenter, we came to the same conclusions. There is
only one characteristic feature established for the case
of adiamond pyramid: the twins around the impression
are nucleated at the concentrators of two types-stable
ones, which are set by the indenter structure, and unsta-
ble ones, which are set by the defects of the crystal
structure [15]. In our case, the stable concentrators
were those which gave rise to the formation of twins 1—
7 (Figs. 1la-1e).

The development of an ensemble of wedgelike
twins was studied by the method of repeated indenta-
tion of bismuth specimens under an increasing load.
The primary indentation resulted in the formation of
twins 1-10 (Fig. 2a), with interlayers 1, 3, 4, 6, 8, and
9 appearing in thevicinity of the same stable concentra-
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Fig. 1. Wedgelike twinsin the vicinity of theimpression in the (111) plane of a bismuth single-crystal specimen formed upon single

loading: (a) 0.05, (b) 0.1, (c) 0.2, (d) 0.3, and (€) 0.9 N.

torsasin the case of singleloading. With anincreasein
mechanical stresses, the geometrical parameters of the
primary twins change and wedges 11-14 are formed
(Figs. 2b—2e). Moreover, an increasing impression
draws new portions of the crystal into the deformation
zone, which, with due regard for the existence of struc-
tural defects in the vicinity of the indenter boundaries,
is accompanied by a change in the strengths of the sta-
ble-concentrators—they either increase or decrease.
This explains, in particular, the fact that nucleation of
stable twin 1 occurs not during the primary indentation
but in the course of the additional loading of the crystal.
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Itiswell known that in pure twinning an increase in
the deforming load increases the length and thickness
of the interlayer proportionaly so that the twin pre-
serves its wedgelike shape with rectilinear boundaries
at all stages of its development (Fig. 3a) [2, 4]. In meta
crystals, the accompanying gliding provides the forma
tion of the wedgelike configuration of the residual twin
interlayer with one curved boundary (Fig. 3b) [7].

The studies showed (Figs. 1, 2) that a considerable
number of twins in bismuth crystals, especially under
low loads, had classical boundaries described in numer-
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Fig. 2. Development of wedgelike twins in the vicinity of the impression in the (111) plane of a bismuth single-crystal specimen
with an increase in the applied load upon repeated indentation. (a) 0.05, (b) 0.1, (c) 0.2, (d) 0.3, and (€) 0.9 N.

ous publications (Figs. 3a, 3b). However, even the min-
imum stresses gave rise to the formation of nonstandard
twins. The group of twins 4, 5, and 6 (Fig. 2a) formed
a branched structure in which interlayers 4 and 6 had a
common “mouth,” whereas twin wedge 5 was nucle-
ated at the boundary of twin 6. Thisis explained by the
considerable strength of stable concentrators 4 and 6
and the complicated profile of thefield of induced inter-
nal stresses in the specimen.

A pyramidal indenter creates a field of mechanical
stresses in a crystal, decreasing radially in the crystal
depth. Each wedgelike twin interlayer also givesrise to
local internal stressesin the deformation zone. The for-
mation of local internal stresses depends on the defects
distributed arbitrarily over the crystal. Because of the
random character of nucleation and the growth of

CRYSTALLOGRAPHY REPORTS Vol. 47

wedgelike twins in metals, the total stress field in the
vicinity of the impression cannot be predicted a priori.
Thefields created by the pyramidal indenter, the twins,
and the structural defects are either summed up and
enhance each other or are subtracted and weaken each
other because of their different configurations, lengths,
and strengths. In the first case, relaxation of the pro-
nounced total internal stressesformed in the vicinity of
theimpression occurs viaintense gliding and growth of
twins. Twinning proceeds at a much higher rate than
gliding [1] and, compared with material destruction, is
energetically more favorable. This often results in the
branching of the twin structure (twins 5 and 6 in
Fig. 2a, twins 11 and 13 in Fig. 2c). Relaxation twins
are always generated at the convex boundary of the
wedge at the site of its maximum incoherence (Fig. 3c),
i.e., a the site where the density of twinning disloca
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tionsis maximal [3]. A pileup of twinning dislocations
becomes the source of a new twin, which removes the
energy from the overstressed zone.

Earlier [6, 16], we established that the nucleation of
atwin and the formation of awedgelike twin in metals
consist of four elementary dislocation processes:
(1) excitation of sources of twinning dislocations,
(2) motion of twinning dislocations in the twinning
plane with the formation of an interface, (3) generation
of twinning dislocations at the formed interfaces, and
(4) tranglation of twinning dislocations along the twin-
ning boundaries.

An analysis of the twinsformed at stable concentra-
tors showed that the evolution of the shape of their
boundaries with an increase in the load occurred in dif-
ferent ways. Primary wedgelike twins 1, 6, 7, 8, and 9
(Fig. 2a) only dightly changed their profiles with an
increasein the load. The mgjor part in the devel opment
of such twinning interlayersis played by the generation
of twinning dislocations in the wedge mouth and their
subsequent motion with the formation of an interface.

With an increase in the deforming stresses, interlayer
2is*“absorbed” by twin 3 (Figs. 2a-2d), which indicates
the prevalent effect of the strength of the source which
generates twinning dislocations in the wedge mouth 3.
The retwinning of the twinned region 2 and its incorpo-
ration into twin 3 isaccompanied by interactions of twin-
ning didocations and also their interactionswith disloca-
tionsin the crystal. As aresult, both boundaries of inter-
layer 3 become curved (Figs. 2a—2e) and a new
wedgelike twin isformed (Fig. 3d).

The merging of twins 4 and 5 (Fig. 2a) occurs for
quite adifferent reason. The vertices of both wedgesare
completely stopped even at very low loads. With an
increase in the load, the sources of twinning disloca
tions in the mouth continue “working,” the interlayer
width at the base increases, and, upon the attainment of
the critical interboundary distance, they merge together
in ajumpwise manner (Figs. 2d, 2€). Then, the source
in the mouth of the left boundary of the twin wedge is
blocked, and with afurther increase in the stresses, the
twinning dislocations are only trandated along the
boundary and the latter becomes convex (Fig. 2€). In
contrast, at the right-hand boundary, the intense gener-
ation of dislocations in the mouth and their motion
toward the stopped vertex of the twin make is wedge
side concave (Fig. 2€). A similar twin interlayer is sche-
matically depicted in Fig. 3e.

Twins simultaneously stopped in the wedge mouth
and at its vertex do not develop any more under further
loading and are completely “absorbed” by the impres-
sion as was observed for interlayer 7 (Figs. 2a, 2d).

Special attention should be given to twins 11 and 13
(Fig. 2c). With anincrease in the load, the varying field
of mechanical stresses at the impression pushes out
twin 13 from the crystal (Fig. 2d). The twin branch 13
disappears and the shape of the initia interlayer 11 is
restored. Thus, spontaneouslocal “untwinning” occurs.
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Fig. 3. Shapes of wedgelike twinsin a bismuth single crys-
tal specimen.

This phenomenon was observed in our study for the
first time. Earlier, it was reported that under the action
of the stress of the opposite sign the residual twin can
leave the crystal [17]. In our case, an increase in the
external mechanical stress of the same sign led to the
reversible deformation.

In addition to wedgelike interlayers, Fig. 2 aso
shows atwin-satellite of lenslike shape, 10. Thistwinis
not directly associated with indentation and its appear-
ance is explained by the “work” of the source of the
twinning dislocations at an accidental concentrator in
the crystal depth activated by an external factor. In the
range of the loads studied, this twin interlayer was sta-
ble. However, the evolution of twin 6 located in the
same twinning plane as interlayer 10 resulted in their
merging with the formation of a two-vertex wedge
(Fig. 3f).

Contrary to the case of pure twinning, we observed
no unambiguous correlation between the mechanical
stresses applied to the crystal and the shape of the twin
interlayer. We did not establish any laws that would
describe the change in the twin-boundary geometry
with an increase in the load. The accompanying gliding
and the defect structure of metal crystalsgiverisetothe
formation of wedgelike twins of peculiar forms
(Figs. 3c—=3f). Similar configurations of twin bound-
aries are also observed under conditions of both single
and repeated loading of the specimens and cannot be
interpreted within the framework of the dislocation the-
ory of twinning [3]. The accumulation of the dataon the
evolution of the boundaries of twin interlayers with an



494

increase in mechanical stresses in metal crystals is a
necessary stage in the creation of an adequate physical
theory of mechanical twinning in defect-containing
crystals.

CONCLUSIONS

The method of repeated indentation of crystals
enables one to study the intermediate stages of the
mechanical twinning in metals under conditions of
varying parameters of deformation.

There is no direct correspondence between the
external load and the shape of residual twin interlayers
in bismuth single crystals. With an increase in the load,
the configurations of the boundaries of wedgeliketwins
vary in different ways.

The evolution of the geometry of twin boundaries
with an increase in the mechanical stressesin metalsis
explained by the accompanying gliding and the interac-
tions between twinning dislocations forming the inter-
layer boundaries and the defects of the crystal structure.

Wedgelike twins of unusual shape with one or two
curved boundaries and two vertices and also branching
of the twin structure under static loading were
observed.

The phenomenon of spontaneous untwinning with
an increase in the load applied to the crystal was
observed for the first time.
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Abstract—The system of equations describing the dislocation kinetics which provides plastic deformation in
fcc and bee metal crystals over a wide range of temperatures and stresses has been studied. The general types
of solution and the two-parameter diagram of solution bifurcation are obtained as functions of stresses and tem-
peratures. The diagrams of varioustypes of solution are compared with the diagram of experimentally observed
dislocation structures. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The physical and chemical properties of structural
materials are essentially dependent on their dislocation
structures. Therefore, the study of the kinetics of the
formation of dislocation structures under various ther-
mal and mechanical conditions is of great importance,
e.g., for the development of technologies for growing
gradient single crystalsand single crystalswith low dis-
location densities, the optimization of crystallization
processes, the therma and mechanical treatment of
materials, etc. [1, 2]. The microstructural studies of
plastic deformation in fcc and bce poly- and single
crystals over awide range of temperatures and stresses
[2—6] showed that the dislocation substructureisacom-
plex function of the deformation process and, in partic-
ular, is essentially dependent on the degree of deforma-
tion ¢p, applied stresses o, temperature T, and some
other parameters. This fact underlies the basis for con-
trol of the structure of materials during their thermal
and mechanical treatment. The generalized two-param-
eter diagram of disl ocation states in the space of dimen-
sionless parameters (o = o/op and T=T/T,,) [2-6] inthe
temperature range T/T,, = 0.2-0.4 is shown in Fig. 1,
where o, is the breaking stress and T, is the melting
point. It is schematically shown that, in the process of
deformation at the given dimensionless temperature
Tqe different dislocation structures are formed. Their
nucleation and self-organization occurs at stresses
exceeding the critical dimensionless stresses og; at i =
1,2,....Asisseenfrom Fig. 1, at stresseso < 0¢; (p <
Pc; isthe dislocation density), dislocations are distrib-
uted uniformly (region ). With an increase in stresses
Oc; < 0 < 0 (Pe; < P < P, disocation pileups are
formed (region I1). At stresses 0, < 0 < O¢; (P < P <
Pc3), @homogeneous network structureisformed (region
[11), which, at stresses 0c; < 6 < Oy (Pe3 < P < Pew), IS
reorganized into a cellular structure (region 1V). With a

further increase in stresses 0 > 0¢, (P > Pey), a frag-
mented striation is observed (region V). With a
decrease in the temperature, the sequences of disloca-
tion structures become simpler. The fast accumulation
of the large volume of experimental material on dislo-
cation substructures and the complex nature of these
data resulted in such a situation that the reliable and
consistent interpretation of the accumulated data and
the classification of the material behavior during plastic
deformation are impossible without the construction
and study of various models of dislocation kinetics.

In terms of nonequilibrium thermodynamics and
synergetics [2, 7, 8], the dislocation substructures
formed can be considered as dissipative structures
whose formation is associated with the collective
motion modes in the dislocation kinetics. In a large
number of relevant studies [9-17], the equations of the

0.4}

T er

0.2

0.1

Oci1 Oc2  Ocs

Fig. 1. Generalized qualitative diagram of the sequence of
dislocation substructures formed in plastic deformation asa
function of dimensionless temperature and stresses (defor-
mation) [5, 6]; 0cy, Ocy, Ocs, and ogy are the critical
stresses providing changes of type of dislocation substruc-
tures. I-V aretheregions of different types of substructures.

1063-7745/02/4703-0495%$22.00 © 2002 MAIK “Nauka/Interperiodica’



496

dislocation kinetics were derived, which describe the
major dislocation processes such as their multiplica-
tion, immobilization, diffusion, annihilation, etc. These
equations are analyzed with the use of the principles of
synergetics and nonequilibrium thermodynamics and
are dedicated to some dislocation structures, e.g., of the
dipole, cellular, and disclination types, under various
deformation modes. The system of equations of dislo-
cation kinetics was analyzed by the method of
Liapunov’s exponents and with the use of the harmonic
approximation of the linearized system of equations at
the given stress o and temperature T. Neverthel ess, only
some of the types of the solution of kinetic equations
and the sequence of their aternation are studied and
only at the qualitative level. Up to now, no two-param-
eter diagram of the bifurcation points of the solutionsas
a function of temperature and stresses has been con-
structed and, therefore, no comparison of such dia
grams with the diagram of dislocation substructure has
been made (Fig. 1).

Below, we describe the numerical study of the two-
parameter system of equations of dislocation kinetics
during plastic deformation in the stress and temperature
space (o, T). We performed the complete qualitative
analysis of the main types of the solution, constructed
the diagram of solution bifurcation, and compared the
diagram of the solution types with the experimental
diagram of dislocation structures.

NUMERICAL MODELING

We consider asimplified model of crystal deforma-
tion in which dislocation dlip is developed along two
systems of planes (primary and secondary), which cor-
responds to the known microstructural data on plastic
deformation in real materials over a wide range of
stresses and temperatures. In both primary and second-
ary dlip planes, the shear processes are developed in a
similar way, and, therefore, the dislocation densities
and the dimensions of the shear zones in these systems
are the same. The “wood” dislocations p, are distrib-
uted in a random way, whereas the stresses thus
induced are taken into account viathe effective stresses
Os Thekinetic equation in theintegro—differential form
were formulated in [2, 15-17] with due regard for the
changes in the densities of immoabile dislocations. The
allowance for the contribution of immobile dislocations
to the kinetics equation via the integral term or the
internal stresses are equivalent. The problems associ-
ated with averaging the ensemble of dislocations were
considered elsewhere (see, e.g., [2, 17]). None of the
approximations were rigorous enough; however, they
allowed oneto takeinto account all the important qual-
itative aspects of the dislocation kinetics.
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Consider the kinetics of infinite rectilinear disloca-
tionsintwo families of intersecting slip planesthat pro-
vide the plastic deformation in atwo-dimensional crys-
tal. The dislocation density in the primary dip system
is equa to p,(X;, %, t), whereas in the secondary dlip
system it equals p,(X;, X, t). The x;- and x,-axes are
directed along the dlip planes of the primary and the
secondary systems, respectively. The immobile dislo-
cations give rise to certain internal stresses, which are
taken into account via the effective stress. This model
was considered in alarge number of studies[9-17]. The
kinetic equations for the dislocation density have the
conventional form, p; + Ovp;=Ilg—14 (i =1, 2), where
Isand |, are the collision integrals of the processes of
dislocation multiplication and annihilation, respec-
tively. The rigorous description of the elementary pro-
cesses of dislocation kinetics—multiplication and anni-
hilation, mutual trap, trandation, “diffusion,” etc.—isa
problem yet to be resolved [2—6, 9-17] and, therefore,
we consider here these processes in a semiphenomeno-
logical way. The equations of dislocation kinetics have
the form [17]

0
aitl = Al(o-_o-ll)_Mlpf_KlplpZ (1)

+D,Ap; + mypy —mMy,p;4,

0
—52—2 = A(0—-0pp) - szg —-K1p1p, @)

+ DoAp, + Myyp, — My Py,

where A istherate of dislocation generation by various
sourcesand g;; (i = 1, 2) arethe stressesthat providethe
activity of the sourcesin the primary and secondary slip
planes, respectively; M, is the constant of mutual anni-
hilation of dislocations which is dependent on temper-
ature and the physical characteristics of dislocations
[17]; K, is the constant that describes the mutual reac-
tions of dislocations from different dlip systems|[9, 17];
m; (i = 1, 2) are the constants that describe the disloca
tion multiplication via double transverse slip [11]; A =

0%/0%> + 0%/9X; isthe Laplacian; D, (i = 1, 2) are the
“diffusion” coefficients of fluctuations in dislocation
densities [17]; and m,, and m,, are the constants that
describe absorption of dislocations at the interfaces.

For the system of equations (1) and (2), the theorem
on the existence and uniqueness of the solution satisfy-
ing the initial conditions is valid [18]. The system of
equations (1) and (2) can have both homogeneous and
inhomogeneous sol utions depending on time and coor-
dinates. Therefore, in the analysis of the stationary dis-
location structures, only the second type of coordinate-
dependent solution is important, and, therefore, it is
sufficient to consider only the stationary equations.
Since all the primary and secondary dip planes are
equivalent, one can pass to the averaged dislocation
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densities in both dip systems p;(x,) = J‘L Py (X,
X)X, /Lo, Pp (%) = r P, (X, X%)dX,/Ly, Where L, isthe
sample size.

In what follows, we omit the bar above the p,(x,)
and p,(X,) variables. Then, if o > g;,, 0;,, the system of
stationary equations (1) and (2) takes the form

2

0 2
Dla_xfpl + A0 -M;p; —Kyp4p; 3)
+ My P —MpP, = 04E,
9° 2
D,—p, + A0 —Myp; —Kyp,1p;
0% 4)
+ My P —MypP, = 0,E,

where € = D;(0p; /0%;) |$ /L, (i =1, 2) istherate of crys-
tal deformation, o, = cos(d), a, = sin(p), and ¢ is the
angle formed by the tension direction and the normal to
the primary dlip plane.

To obtain the solutionsintheform p;(x, T) (i =1, 2)
and construct atwo-parameter diagram, one hasto take
into account the dependence of the system coefficients
on temperature. Inthe general case, this dependencefor
the coefficients A, M;, K, m;, and D; is of a complex
nonlinear nature; e.g., it can be described by the Arrhe-
nius-type relationship D; [J exp(-1/T). In the range of
dimensionless temperatures 02 < T/T, <04 (Fig. 1),
we used the linear approximation M; = My T, m; = my; T,
and D;=D,T (i = 1, 2).

The types of solution of the system of stationary
equations (3) and (4) were analyzed by the finite differ-
ences method [18], by constructing phase tragjectories
and diagrams, and by calculating Liapunov’s exponents
[19, 20] and Poincaré mappings [21]. In modeling, we
transformed Egs. (3) and (4) to the equations with the
dimensionless variables x/b, p; /p., 0/0, = 0.1-0.6, and
T/T,=0.2-0.4, where b is the magnitude of the Burgers
vector. The coefficients A, M;, K, m;, and D; inthe sys-
tem of equations (3) and (4) were evaluated for Al, Cu,
and Fe crystal lattices: Ay = 10%-10° s Pa! (€ = 0.02—
0.05), o/0p = 0.1), A, = 0.1A, isthe rate of dislocation
nucleation at the initial stage of deformation [11]; M; =
10722103 m?> s K[17]; K, = 1074-10"5 m? s [17],
D;= 104105 m? s' K-' [17]; D, = 0.1Dy; m;;, m,,,
m,,, and my, are equal to m;;, my, = 10-100 m’> s and
m,, = 0.1m,,, My,, My, =0.1-1.0 m? s [17]. We used the

typical values € =0.001 s and p, = 10'> m™2. The sta-
tionary points of the system were determined by the
Newton—-Rafson method [19]. Now, represent the sys-
tem of equations (3) and (4) in the vector form

OX = F(X), 5)
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Ell A M K 5
= E—A0+ + m,,;p, + M
@[ 1 1 1p1 1P1P2— My Py 12PJ.H

D_[O‘zs A0 + szz + Kopypo —Myp, + lepZE

As is seen from Eq. (5), the equilibrium positions
are the zeroes of the vector field F, F(X) = 0. Therefore,
constructing the Jacobian DF = |0F/dX|, we arrive at the
iteration procedure for determining the equilibrium
position X
Xirn = Xy + DF(Xp) "F(X@), i = 0,1,2, ... ©

The nature of stability of the stationary point Xwas

established from the analysis of the eigenvalues of the
matrix A= DF(X) = dF(X/0X. With thisaim, welin-

earized the system of equations (5) in the (o, T) space
and studied the dependence of the parameters of the
eigenvalues of the matrix A. The changein the nature of
stability of an immobile point is associated with direct
or inverse Turing bifurcations such that ReA; = 0, where
A, are the eigenvalues of the matrix A.

RESULTS OF NUMERICAL MODELING

The stationary points and their stability are impor-
tant characteristics of the system of equations (3) and
(4). Intheinitial range of the parameters (o, T), the sys-
tem of equations (3) and (4) has only one unstable
immobile point O, of the node-saddle type. The unsta-
ble stationary point O, of the saddle-focus type depen-
dent on the value of the parameter T appears in the
intermediate range of the system. The two-parameter
diagram of the system statesin the space of dimension-
less parameters (0 = o/op, T=T/T,;) isshown in Fig. 2.
Curve listheline of bifurcation of the stationary point
O, of the system from the node to the saddle. Curve 2
of the Turing bifurcation separates the stable and unsta-
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Fig. 2. Generalized qualitative phase portrait of the main
states of the system of equations (3) and (4) depending on
dimensionless temperature and stresses;, 0cy, Ocy, Ocs,
Oy, and o5 are the critical stresses (points of bifurcation
of the types of inhomogeneous solutions or dissipative
structures). Curves 14 are the approximate lines of solu-
tion bifurcation. The point O is of the node-saddle type,
the point O, is of the saddle-focus type.
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Fig. 3. Spectra of relative power N (db) of (a) biharmonic
and (b) subharmonic waves. The parameters used in calcu-

lations: T/T,, = 0.35, M; =5 x 1072 m?> s7' K, K; = 8 x
1074 m? s, Dy =6 x 107 m? s K, and my;, my, =3 x
1om’s.

ble regions of the system. Curve 3 is the line of the
change of the stability type of the stationary point O,
from the saddle to the focus accompanied by the gener-
ation of wave solutions and dissipative structuresin the
system. Asis seen from Fig. 2, the theoretical curves of
solution bifurcation describe the experimenta diagram
of dislocation substructures (Fig. 1) quite adequately.
In the region central with respect to the parameter T, the
system has only one unstabl e stationary point and, thus,
various inhomogeneous spatial periodic dislocation
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structures. The numerical modeling yielded the main
types of solution of the system of equations (3) and (4)
dependent on the parameters g and T, namely: (1) sta-
ble stationary homogeneous solutions, (I1) quasi-har-
monic waves, (I11) biharmonic states, (1V) alternation
[19], (V) subharmonic states, (V1) nonlinear waves
[20], and (VII) random waves [20]. At the fixed Ty«
temperature, the following hierarchic sequences of crit-
ical stresses

Oc1<0¢c2<0¢c3<0¢c4 <O¢s <...

and new types of solutions
[ —I—II—IV—V—VI—-VI—V— .
were obtained.

This sequence of secondary hifurcationsis the gen-
eralized one and is constructed under the normal condi-
tionsat T/T,, = 0.35. At higher and lower temperatures,
simpler sequences are possible. At the temperatures
0.2 < T/T,,<0.35, simpler types of the development of
solutionstypes, suchasT — II —= V —», etc., were
obtained. At the temperatures T/T,, < 0.2, only the
homogeneous sol ution was obtained.

At 0 < 0¢,, the didocation density is homogeneous
(py, P, Oconst); thisisthe solution of typel. At 0 > 0¢,
the system shows Turing bifurcation which results in
the spatially inhomogeneous quasi-harmonic wave
solution of type Il with the formation of a dissipative
structure. The phase portraits show that this solution
has the form of closed elliptic trgectories. The corre-
sponding power spectra clearly show the only peak
indicating the existence of only one critical mode. The
calculated first Liapunov’s coefficient A,/b [1 823 at
T/T,,=0.3. Therefore, the period length (dimension) of
the dissipative structure Iy O1/A; =3 x 10° cm, which
is consistent with the experimental data [2-6]. The
Poincaré section has a characteristic pointlike form. At
0 > O¢,, solutions of type 1l are two-frequency waves
with different periods. The kinetic curves of such solu-
tions have the form of periodic oscillations modul ated
by the low-frequency component. The power spectra of
these modes have two clear peaks corresponding to the
modes A, and A, (Fig. 3a). The corresponding phase
portraits have the corresponding attracting set—atorus
of dimension two. With a further increase in the
stresses, the amplitude of the second harmonic
increases. The torus on the phase portrait changes its
shape, which is accompanied by periodic stratification
associated with the appearance of additional harmon-
ics. An increase in the periodic stratification and the
appearance of a number of additional harmonics
resulted in the disappearance of the torusin the system.
The torus destruction resulted in an increase in the cor-
relation dimension, which indicated the transition from
two-periodic vibrations to the aternation mode (at o >
O¢;, the distribution of type 1V arises). The characteris-
tic feature is the periodic repetition of the regions char-
acterized by different modes. The kinetic curves have
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Fig. 4. Alternation mode: (a) phase trgjectories, (b) Poincaré sections. The parameters used in the calculation are the same asin Fig. 3.

segments with different wavelengths periodically fol-
lowing one another. The phase portrait in Fig. 4aillus-
trates the stratification of the torus into layers corre-
sponding to the modes with different wavelengths in
the vicinity of the separatrix connecting the stationary
point and the saddle-focus manifold. The narrow
regions with the short wavel engths are associated with
the “unwinding” in the vicinity of the unstable station-
ary point, whereas the long wavelength regions are
associated with the “winding” far from this point. This
trajectory is called the loop-type E-homaclinic trajec-
tory of the separatrix of the equilibrium state. The char-
acteristic feature of the homoclinic trgjectories is their
nonrigidity. Therefore, the E-homoclinic trajectories
play the role of boundaries separating the systems
showing different behavior and indicate the presence of
bifurcations. In accordance with one of the Shil’ nikov
theorems[22] that isvalid in this case (on the structure
of the phase space in the vicinity of the E-homoclinic
trajectory), there is a denumerable set of periodic
motions in the vicinity of this trgectory. In turn, this
generates quasi-attractors—the complex attracting sets
containing saddle and stable (with a small attraction
region) periodic trajectories. The Poincaré section for
the thus formed attractor shown in Fig. 4b is related to
the helical Ressler attractors [19]. Under conditions
exceeding critical, 0 > 0, the subharmonic waves are
generated in the system, which are, in fact, complex
oscillations consisting of K harmonics (Fig. 3b). The
phase portrait is a K-dimensional torus. The generation
of subharmonic waves in the system is caused by syn-
chronization of the first harmonics. The system dimen-
sion becomes equal to K, e.g., to four or six. At stresses
exceeding critical, 0 > 05, an obviously inhomoge-
neous structure is formed, which is similar to the cnoi-
dal waves [19]. The cnoidal waves on the phase dia-
gram can be considered asthe limiting case of the alter-
nation mode (Fig. 5). In this case, we observe the
formation of segments with very small wavelength and
a complicated spectrum. The broad smooth segments

dpl/dxl

Skﬁ/
4
I 2

0 1 2 3 4 pi/Pc

Fig. 5. Mode of cnoidal waves. Phasetrajectories 14 indi-
cate the successive points of the motion along the trajec-
tory. The parameters used for the calculation are the same
asinFig. 3.

have a narrow spectrum with a small amplitude (almost
one mode) and alarge wavelength. With an increase in
the stresses, 0 > 0, random solutions are formed due
to the action of different mechanisms [20]. In this
model, arandom attractor generated via a“ cascade” of
period doublings has a multiband form. The phase tra-
jectories have the shape of abent and twisted band. The
power spectrum of the mode reminds one of the flicker-
noise spectrum, which indicates its pronounced aperi-
odicity. The random solutions have the form of helical
Resdler attractors. With a further increase in the
stresses, 0 > 0, no random behavior is observed any
more, and the system acquires complex subharmonic
state (V) again. With a still further increase in the
stresses, new sol ution bifurcations indicate the complex
kinetic behavior, but they have no clear physical senseand
seem to be associated with the approximate nature of the
system of equations (1) and (2).

CONCLUSION

Finaly, compare the complete qualitative diagram
of self-organization of inhomogeneous solutions (dissi-
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pative structures) of the equations of dislocation kinet-
ics (Fig. 2) with the diagram of dislocation states
(Fig. 1). Proceeding from the graphical anal ogy, we can
interpret the dislocation structures as follows. At
stresses 6 < O, the dislocations are distributed homo-
geneously, and therefore the corresponding homoge-
neous solution exists. At the stresses 0¢; < 0 < Oy,
polygonal and net structures are formed, which can be
described by quasi-harmonic solutions. Biharmonic
solutions at 0, < 0 < O¢; can beinterpreted as possible
dipole structures. At stresses O¢; < 0 < Oy, Cellular
structures with possible dislocation-free channels are
formed. These states can be described as the structure
of the alternating type. If the condition 0, < 0 < O¢s IS
fulfilled, coiled cellular structures are formed, which
can be described by subharmonic waves. If the condi-
tion 05 < 0 < 0 isfulfilled, fragmentation or striation
is observed described by cnoidal waves. The random
solutions can be interpreted as intermediate and ran-
dom structures. Thus, the dislocation substructures
observed experimentally infcc and bee poly- and single
crystals are self-organizing dissipative states generated
at stresses and temperatures exceeding their critical val-
ues and devel oping by the mechanism of akinetic tran-
sition.

In order to construct the quantitative two-parameter
thermal—-mechanical diagrams of dislocation states, one
hasto set the exact expressionsfor the dip systems, col-
lision integrals, and the coefficients in the equations of
dislocation kinetics for the materials under study.
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Abstract—The formation of a spatially modulated structure (domains) in a homeotropically aligned layer of a
nematic liquid crystal (NLC) under an oscillatory Couette flow are described theoretically by using the hydrody-
namic equations for an NLC which are linearized with respect to perturbations. The shear frequencies at which
the phenomenon is determined by theinertial properties of the medium are considered. It is shown that the domain
sizeisequal to thethicknessh of an NLC layer and that the dependence of the threshold value of the shear ampli-
tude uy, on the frequency w and the layer thickness h is described by the expression uy, = const/(wh?). The calcu-
lated results are compared with the experimental data. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

A periodic shear on alayer of anematic liquid crys-
tal (NLC) results in the deformation of the uniaxial
structure of the crystal and thus also changesits optical
properties[1]. At low shear amplitude, the moleculesin
the crystal oscillate about their initial equilibrium state.
Anincreasein the amplitude can giverise to the forma-
tion of a spatially modulated structure that is optically
observed in the form of domains. In this case, one
observes the vortex motion of the liquid in the layer,
and the molecul es start oscillating about a new equilib-
rium direction, periodically changing along the layer.
The ability of nematic single crystals to change their
optical properties under periodic deformationisusedin
acousto-optical sensors, modulators of laser radiation,
etc. [2—4], which, in turn, stimulates theoretical studies
of structura transformations in crystals under condi-
tions of periodic compression and shear.

The spatially modulated structures formed under the
effect of periodic shear in a homeotropically aigned
NLC layer were repeatedly studied. The modulated
structure depends on theinitial geometry of the sample,
the shear polarization and frequency, and the absence or
presence of amagnetic or an electric field and its orien-
tation. The dllipticity of the boundary-plate motion
results in the formation of roll domains [5, 6] whose
direction and formation threshold depend on the ellip-
ticity of the plate motion. According to the theory sug-
gested in [5, 6], the transition to the in-plane shear
results in the disappearance of the domains. The appli-
cation of an electric field normal to the layer resultsin
the formation of a cellular domain structure under the
action of viscous waves. In each cell, the nematic direc-
tor deviates from its initial orientation and slowly
rotates, which results in the formation of disclinations
and their subsequent growth [7]. The domain structure

was also studied experimentally in a homeotropically
aligned NLC layer under the action of plane oscillatory
Couette flows in the absence of electric and magnetic
fieldsin various frequency ranges [8-10].

The stability of the homeotropic structure of a nem-
atic liquid crystal under the action of an in-plane peri-
odic shear was studied in a number of works. The loss
of crystal-structure stability at high [11] and low [12]
frequencies was described with the use of multimode
analysis. However, the excessive simplification of the
basic equations in these studies lead to a theoretical
description of the effect that is inconsistent with the
experimental data. The formation of adomain structure
in a homeotropically aigned NLC layer under the
action of aperiodic shear caused by thein-plane motion
of one of the boundary plates was described theoreti-
cally in [13], where it was shown that the formation of
the domain structure is associated with theinertia of the
medium, which leads to the phase delay of the liquid
velocity in the vortex flowsrel ative to the shear velocity
in the Couette flow and, as a result, to stationary flows
and torques that destabilize theinitial crystal structure.
Theresultsobtained in [13] qualitatively agree with the
experimental data. At the sametime, the simplifications
made in the equations and the boundary conditions
result in discrepancies between the theory and the
experiment (the values of threshold shear amplitude
and the domain width). The formation of a domain
structure under the action of a periodic shear in the
NLC layer with initial planar orientation was described
theoretically in [14]. Using the equations from [13],
Hogan et al. [14] obtained results which agree only
gualitatively (but not quantitatively) with the experi-
mental data considered in the same paper. The experi-
mental studies of the domain structureinthe NLC layer
at frequencies <200 Hz [15, 16] wereinconsistent, both
qualitatively and quantitatively, with the theoretica
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data [13, 14] and showed that the inertial properties of
the medium are not responsible for the domain forma-
tion in the NLC layer at low frequencies. In the above
publications, computer simulation of the domain struc-
ture was performed by the multimode Gal erkin method,
and the threshold of domain formation and their spatial
period were determined numerically (the inertia of the
medium wasignored). The results of the computer sim-
ulation are close to the experimental data obtained only
at the frequencies <100 Hz, whereas at higher frequen-
cies, these results disagree both qualitatively and quan-
titatively with the experimental data.

Thus, at present, there is no adequate theory of the
formation of aspatially modulated structureinthe NLC
layer under the action of aplanar periodic shear. Below,
we devel op such atheory for ahomeotropically aligned
NLC layer. The phenomenon is analyzed with the use
of hydrodynamic equations for an NLC in which the
quadratic terms proportional to the product of the angle
of molecule rotation and the liquid velocity are
retained. Following [13, 14], we consider the formation
of the structure given the inertial delay in the velocity
of the vortex flow with respect to the velocity of the
Couette flow. The analysis is made in the single-mode
approximation. Unlike [11-16], the velocities of the
flows and the rotation angle of the molecules are
described with the use of the real velocity profile of the
unperturbed Couette flow and the exact boundary con-
ditions for the velocities of vortex flows. In addition,
the equations of perturbations are refined and the fre-
guency range of the validity of the resultsis also deter-
mined.

Now, calculate the effect assuming therigid orienta-
tion of the molecules at the boundaries of the NLC
layer in the one-constant approximation of Frank elas-
tic energy. The rotation and motion of NLC molecules
are described by the equations [17]

yIN -V [h+ (V [hh)n] —=[h—(h Ch)n] = 0, 0
pV = —0OP+[6".

Here, nisthe director, V isthe velocity of theliquid, V
is the strain-rate tensor, N = n — %(cuer x n) is the

velocity of the molecule rotation relative to the sur-
rounding liquid, p isthe density, P isthe pressure, 6 is
the viscous-stress tensor, y is the coefficient of rota-
tional viscosity, h isthe Frank elastic force,

_0g _0g
'o(0;n) on’

g is the volume density of the Frank elastic energy
equal, in the one-constant approximation, to

h=0

1 .
0= 5Kay (00", i = %y.Z
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and K;; isthe Frank elastic constant. Ignoring viscosity
coefficients, i.e., assuming o, and o, to be zeroes, we
havey = a5 — a,. Then, the components of the viscous-
stress tensor acquire the form

Oij = 04V + Ag(V Ny + v jngn;)

+ YV mNpning —hin;.

Now, consider the domain formation in the shear plane
specified by the shear direction (the X-axis) and the layer
normal (the Z-axis) under the assumption that the mole-
culesarerotated in the XZ plane and that all the variables
are independent of the coordinate Y. We obtain V, = 0.
This arrangement of the molecules in the domains was
justified theoretically in [13]. Now, specify the shear
deformation in the layer by the in-plane motion of the
upper (Z = h/2) boundary plate at frequency w and the
shear amplitude, with thelower Z = -h/2 boundary plate
being immobile:
UX|Z= h2 = uOhSin(k)T,

Vx|Z=—h/2 = Vz|Z=—h/2 = Vz|Z= h2 = 0.

Here, u, is the dimensionless shear amplitude of the
boundary plate and T isthetime.

Now, consider small shear amplitudes, u, < 1. Inthis
case, the angles 6 of the deviation of the molecules
from the Z-axis are also small, which alows the linear-
ization of the motion equations with respect to angles
and the assumption that the director components are
n,=06andn,=1.

In what follows, we use the dimensionless coordi-
nates X = X/n and z = Z/h, the time t = wT, and the
dimensionless velocities v, = V,/(wh). Retaining the
terms proportional to the product of the angle 6 and the
velocity v inthe motion equations, we arrive at thefol-
lowing system of equationsfor 6, v,, and v,

00—-eAB-v,,=-06,v,—-0,v,-20v,,
(no’0d,—D)v, +end>0
= [9,(0; —35) (v, ,8) = 20,0;(v.0)] @)
+ r]cyzaz[Ava1x —V,V, 2
divv = 0,
where D isthe differentiating operator
D = na®+09;,

and € and o are the dimensionless parameters determin-
ing the dependence of the effect on the nematic-layer

thickness h and the shear frequency w via the scaling
parameter wh?,

e=—2 o= = =y
yoh n ¢ yn

No. 3 2002



DOMAIN STRUCTURE IN A NEMATIC LAYER

Og

O, +0g . . . S
wheren = —=—2 is the dimensionless viscosity in a

Viscous wave propagating along the crystal axis.
Now, represent the hydrodynamic variables by the
expansions

V=v,+v,+V, 6 =06,+6,+0,

where subscript 1 identifies the solution of the linear-
ized Egs. (2) with the initial boundary conditions for v
and 6, and subscript 2 and the prime identify the sta-
tionary and the oscillatory parts of the perturbations,
respectively. In the perturbation equations, the velocity
v, and the angle 6, play the role of an external factor.
The appearance of the nonzero stationary angle 6, in
the solution indicates the transition of the crystal into a
new orientational state.

Consider system (2) and single out the equationsfor
the external factor,

E(ozat-af)vx—%afel -0
0

%bl,t—eazzel—le =0 ©

%blz:ijjz = 0’ le|z=_]j2 = 0, V1x|z:1/2 = UOCOSt;

the equations for oscillating variables,

E,ate'—sAe'—v;,Z = =0, ,Viy

O R

ONo°Ad,—D)v,—eNd;d,8' = 0;0,(8,V 1)
Edivv' =0

D 1
Bﬂhzﬂjz = VZ|z=1112 = Vz,2|z=¢1/2 =0;

)

and the equations for stationary variables,

%AGZ + Vo, = BV, +20,v,,+0, v
Dv,-e0038, = —9,(07-07) [V},6,0
0,028 1y, + 0,V +8,vL 0

El—nozaz[ [Av,v,0+ Dvyv A &)
%tiivv2 =0

0
Eb2|z=1112 =
g

Here, the angular brackets indicate averaging over the
oscillation period.

The stationary stresses and torques destabilizing the
initial structure are associated with the phase delay in
the displacement of the particles in the medium in the
oscillatory flowswith respect to the displacement of the
boundary plate. This delay is determined by the inertia

12

Vorlz=s12 = O I V,dz = 0.
=12
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of the medium and the boundary effects in the thin lay-
ers (of the order of the orientational-wave length); the

ratio of their contributions to the velocity v, is deter-

mined by the quantity 0%./& = (pwh?/y)*?A-12. Analyz-
ing the phenomenon, we limit our consideration to the
frequencies at which this ratio is pronounced and at
which the inertial effects prevail over the boundary
effects. In this case, the boundary conditions for the
angles 6, and 6' can be ignored and can be defined as
the gradients of the displacements u,, , and u, ,. More-
over, thefrequencies are limited from above by the con-
dition 0 < 15, which allows us to change the functions
sin(02) and cos(02) by their expansions in the argument
retaining only two terms of these expansions. The above
constraints on the frequency lead to the inequality

AR =102 < p(Joh2

<15. (©)

The solution of system (3) can be written as

2
Vo= Ugcost + S[1— (z+ 12)3 sint(z+ 112),
O 6 0 )

0, = Uy ,= uo[sint—czH(z)cost],

where
=1L 2
H=H(2 = 6 2(z+]JZ) .

Eliminating the angles0' and 6, and their time deriv-
atives from the equations for the stationary variables
and rejecting the terms of the smallness order €, we
arrive at the following equation for the stationary angle
of the molecule rotation:

eNB,+ Vv, , = 622 v,u,, 1

Introducing the functionw = v,,— 8,1/, u,, [Jwe can
transform this equation into the form

eNB, +w, = 0. 8)

Because of the boundary conditions for v, and v,,

in Egs. (4) and (5), the function w should satisfy the
conditions

1/2
W, - = 0; J'Wdz =0 )
-1/2
and can be regarded as the reduced flow velocity.

Now, proceed to the equation for the stationary
flows in system (5). Expressing the average product in
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terms of the second equation of system (4), we obtain
—N0°9,[Bv,v,, 0= 8,[(n0"A0,v,)uy,0

= 9,00, Dv O+ [y, 00,80+ 00,8,V 1,)uy,00

Taking into account inequalities (6), we can transform
the equations for flows into the form

(D +9)w
= —[(4n +1)0; + 4nd;02] [V juy, [
+07{[(6N + 1)0; +2n070,] W v,,0—4nd- W wy, J3 .

(10)

Assuming the perturbationsto be periodic along the
layer, we can represent the angle 8, and the vel ocitiesw

and v, as

B o @ g
E\NE = E af (2 Eeocos(kx).

v L f,(2H

In the single-mode approximation, the angle 6, is
represented by an even function of the coordinate z,
whereas the flow velocities w and v, are represented
by the odd functions. The functions f, and f, are
selected so as to ensure the smooth dependence of the

perturbations on z and the fulfillment of the boundary
conditions for the velocities

(11)

f, = sin(2mz),
: : (12)
f,(z) = sin(mz) + sin(3mz).

The coefficient a is assumed to be equal to

_ 4t + K
2T

The function fy is determined by the solution of
Eqg. (8). For strong surface anchoring of the NLC mol-
ecules with the substrates, the function fy has the form

coshkz

fo(2) = cos(2mz) + oshK/2"

Substituting Egs. (11) for v, and 6, into Eq. (4) for
oscillatory flows, multiplying both sides of the equation
by f,(2), and integrating the result with respect to the

layer thickness, we can separate the equation for ¢(t) as
follows:

(D+N0"AD,)0 03
= —Ttkzuoeo{vcost + 02L|Jsint} .
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Hereafter, we use the following notation:
A, = A +A;, Dg = D;+Dsy,
A, = K+ n’1?, D, = r]Af,+ n’K°tt,
where n is an integer,
1/2
v = v(k) = I[cos(nz)+3cos(3nz)] fo(2)dz
=12
_ 3636+ 258 + 48"
15(E + 1)(8°+9)
W = (k)
1/2
= 2J’ [ cos(1z) + 3cos(31z)] H(2) f¢(2)dz
(14)
=12
~[0.038 +1.76" + 31&° + 135¢° + 1338 *
—1358%+ 106 — (38 + 328’

—2928° — 2628 )tanh(TtE) |/[(° + 1)(E + 9)7],
& = kit

The constraint imposed on frequency (6) results in

the inequality 02|A| < | D4 , which allows one to repre-
sent the solution of Eqg. (13) in the form

nk2u090D 2 YNA .0
t) = ————[pcost+ 0" F— + Y=sint.
o (1) 5. S 0

Substitutethe velocity v, with thefunction ¢ deter-

mined to Eq. (10) and write the averaged moments in
the right-hand side of the equation as

. kznozu0
l:Vzulx,gj = - 2

y va(z) |:Vr]As +y —VH(Z)}EBOCOSkX’
gD, LD, 0

2 2
K'1to"u,

2D, f,(2)0,coskx,

|:‘/;le,z‘:| = -

‘ k2 2
iy, 0= —20 ¢ )2+ 1/2)8,c08kx.
2D,
Multiplying both sides of Eq. (10) by winform (13)
and performing the integration over the layer thickness,
we arrive at the following equation for 6,:

D, + 161)A 2u?
(DB )Bsg, = T a(k)g,
411 €

(15)
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where
KA
A9 = =20 33(1+4n )y + l?r]nzkz}
S
MVA
X D DS
— 7201 + 140K’}

Equation (15) has a nonzero solution for 6, if the
shear amplitudeis

Up = “/EF(k)

where
(nA, + 41¢ )Az

F(k) =
ATk’

mv(k)A N LIJ(k)E

X @ 33(1+4r])Tt4 +17nm k}
(16)
+v(k)[2.7(1+4n)n4—16(n2+ k%)

-1
0

—72r]T[2 + 1.4m‘r2 K’ } O .
O

The threshold amplitude u, v, is determined by the
U, value with the minimum k as follows:

€ / K
o ny pmh

Here, ky, is the k value which minimizes the function
FK); Fin = F(kp).

Now, analyze the results obtained. Theinertial prop-
erties of the medium lead to the formation of adomain
structure in the NLC layer in a planar oscillatory Cou-
etteflow. Thethreshold of the effect depends on thefre-
guency and the layer thickness viathe scaling parame-
ter wh?:

Uo, th (17)

Uy, 01/(wh?).

The ky, and Fy, values were calculated numerically
by Egs. (16) and (14) using the typical parameters of a
nematic crystal: p = 1 g cm=3, a, = 0.104 Pa, o, =
-0.034 Pa, y=0.078 Pa, and Ky; =7 x 1072 N [17]. The
ki, value was determined to be 3.1, and therefore the
theoretical domain width, d = 17kh = 1.01h, is the
same as the thickness of the NLC layer and does not
depend on frequency. The minimum F(k) value equals
Fy, = 63.3 and is also independent of w. It should be
indicated that differently selected functions f,(2) and
f,(2) (e.g., Chandrasechar functions) and the account
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for the difference in the Frank elastic constants (K, #
Ks5) in the calculations produce almost no effect on the
ky, and Fy, values.

The experimental data on domainsin a homeotropi-
cally aligned NL C layer under oscillatory Couette flow
are given for both high frequencies, 10>-10* Hz (the
inequality pwh?/y > A3 is satisfied) [9, 10], and low
frequencies (pwh?/y < A7) [15, 16]. In these cases, dif-
ferent dependences of the amplitude of the threshold
shear uy, on the layer thickness and frequency were
reported. The threshold amplitude in [9, 10] was
approximated by Eg. (17), while the F;, values were
equal to Fy, = 7.5 and Fy, = 6 at layer thicknesses 100
and 10 pm, respectively. The data [15, 16] for the fre-
guencies and layer thicknesses satisfying inequality (6)
and the condition €' = yuh*/K;; > 10° can also be
approximated by the expression uy, ~ 1/(wh?). However,
insufficient data for the above range of parameters do
not allow the unambiguous establishment of this depen-
dence. Thus, the theoretical dependence of the thresh-
old amplitude on frequency and the thickness of the
nematic layer is consistent with the experimental data
within the frequency range considered above. At low
frequencies, where €' = yah?/K;; < 10, the envelope
of the experimental curves obtained in [15, 16] for var-
ious thicknesses of the layer is approximated by the
relationship uy, ~ w*h~12, In this frequency range, the
effect should be subjected to a more thorough theoreti-
cal analysis.

The theoretical width of the domain structure, d = h,
agrees with the data in [15, 16], where, at frequencies
w/211> 100 Hz, it was obtained that d = h.

The theoretical account for the real (nonlinear in 2)
velocity profile of the oscillatory Couette flow and the
exact boundary conditionsimposed on the velocities of
the vortex flow increases by an order of magnitude the
theoretical values of uy, with respect to the threshold
amplitude obtained in the simplified calculation [14].
Compare these values with the experimental data
obtained in [9, 10] and [15, 16]. The threshold ampli-
tude uy, in the cited studies was determined in different
frequency ranges. In the region of their overlap (100—
200 Hz), the uy, values reported in [9, 10] and [15, 16]
at the same layer thickness differs by an order of mag-
nitude. Thetheoretical u,, values obtained in the present
work exceed the experimental data[9, 10] but are con-
sistent with the datafrom thelater publications[15, 16].
This is confirmed by the same theoretical value uy, =
0.22 determined at the parameter ratio € = Ky;/ya? =
0.5 x 107 and the experimental value u, = 0.2 at the
same € reported in [15, 16]. A more detailed compari-
son of the theoretica and experimental data requires
the performance of additional experiments at frequen-
cies exceeding 100 Hz and with layer thicknesses
h~10% um.
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To determine the influence of the surface density of
anchoring energy on the formation of the domain struc-
ture, we aso calculated the threshold of the phenome-
non observed given aweak orienting effect of the layer
boundaries (the validity of the inequality gd/Ky; < 1,
where g5 is the surface density of the anchoring
energy). Using the above reasoning and the functionsf,
andf,, intheform (12), we arrived at the following sim-
ple expression for f:

fo(2) = cos2Tz

The threshold parameters of the phenomenon vary
only dlightly in the transition from strong surface
anchoring of NL C molecules at the boundaries to weak
anchoring—the domain size becomes equal to d =0.9h
and the threshold amplitude increases by 13%. There-
fore, the orienting effect of the boundaries of the nem-
atic layer on the moleculesin the crystal isnot essential
for the theoretical analysis of the effect. It isimportant
only for the selection of their initial orientation.
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Abstract—The comparative structural studies of gadolinium stearate L angmuir—Blodgett films prepared with
the use of two different subphases (aqueous sol utions of gadolinium chloride and gadolinium acetate) have been
performed by the methods of X-ray diffractometry. The filmswere applied onto single-crystal silicon substrates
coated with a native-oxide layer either with the use of buffer molecular stearic-acid layers or without such lay-
ers. It was established that the films obtained with the use of gadolinium acetate and the preliminarily formed
buffer layers are, in fact, single-phase Y—txpe films with highly ordered molecular structure, and the thickness

of the bimolecular layer d = (51.3 £ 0.5)

INTRODUCTION

Langmuir—Blodgett (LB) films of fatty acids are
highly ordered two-dimensional layered structureswith
periods of the order of several nanometers [1]. Their
physicochemical properties depend, to a large extent,
on the metal cations incorporated into the molecular
matrix. Langmuir—Blodgett films are very promising
materials for molecular electronics, nanotechnology,
and various quantum devices [2-5], as well as for the
modeling of two-dimensional physical systems,
because the material of these films can be considered as
a certain layer matrix. Metal ions incorporated into
Langmuir-Blodgett films form two-dimensional arrays
distributed with a certain spatial periodicity. Theincor-
poration into the films of metal cations possessing
intrinsic magnetic moments make them similar to two-
dimensional magnetic films. One of the first studies
along these lines [6-9] was performed on manganese
stearate [Mn(C,3H;50,),] Langmuir-Blodgett films. It
was established that manganese stearate could be
deposited onto the substrate either as an individua
monolayer or as a multilayer film with a period of
~50 A. It was al so shown that the magnetic moments of
manganese ions are ordered as in antiferromagnetic
compounds and that the magnetic phase transition tem-
perature equals ~10 K.

Possible magnetic ordering at high temperatures in
gadolinium stearate films was indicated in [10, 11].

© 2002 MAIK “ Nauka/Interperiodica” .

Magnetic ordering in Langmuir—Blodgett films con-
taining gadolinium ions occurs up to a temperature of
~500K [12]. Gadolinium isaferromagnetic with aCurie
temperature ~294 K and a hexagonal close-packed lat-
tice[Mg(A3) Dgh — P6;/mmc] with the unit-cell param-
etersa=3.636 A and c=5.783 A. The electronic struc-
ture of a gadolinium atom is such that 4f-electrons are
inside the filled 5p-shell and the wave functions of the
4f-levels of the nearest neighboring atoms from differ-
ent coordination spheres do not overlap. Asaresult, the
indirect exchange interactions in metal Gd occur via
conduction electrons [13, 14]. The local intrinsic mag-
netic moment of Gd atoms is created by seven 4f-elec-
tronsand equals 7,5. The wave functions of the 5d- and
6s-electrons of the neighboring atoms considerably
overlap and provide chemical bonding between these
atoms.

Along with thin epitaxial metal films and surface
layers of various magnetics, the LB films can be con-
Sidered as a promising model for studying two-dimen-
sional magnetism. However, it should be remembered
that the preparation of quasi-two-dimensional epitaxial
filmsis associated with considerable technological dif-
ficultiesin the preparation of substrateswith atomically
pure surfaces and the growth of perfect thin films and
atomic layers. It should also be indicated that the meth-
odologica aspect of the preparation of a two-dimen-
sional magnet based on a gadolinium-containing LB

1063-7745/02/4703-0507$22.00 © 2002 MAIK “Nauka/Interperiodica’
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— O—0O N~ ) surface of the aqueous phase onto asolid substrate[apol-
—OOC OOO— ished (100)Si surface] by the method of vertical lifting of
= 5 —O-: :-O— the substrate under a surface pressure of 30 mN/m at a
=2F | Air —e O— ° temperature of 20°C. The velocity of substrate immer-
eS8 —Q.O O.Q— g sion was 5 mm/min, the concentration of gadolinium
8@ O OoQ— é salts [GdCl, and Gd(CH;COO0);] was 10+ M at pH 5.5.
é e) é} é) e O.Q— 2 Figure 1 illustrates the formation of gadolinium stear-
e %%’ o oO O.Q— ate Langmuir—Blodgett films onto the substrates and

V};’a}tlef ~® 00 00 .O_O.Q_ shows their possible three-dimensional structure.

subphasc ¢ o o o o .O—O: ]

Fig. 1. Scheme of preparing gadolinium stearate LB films
and their molecular structure.

film depends, first and foremost, on the technology of
its growth, the choice of the organic matrix, and the
incorporation of gadolinium atoms into the film [15].
All these problems are the subject of the present study.

Below, we consider the results of X-ray diffraction
studies of the structural characteristics of gadolinium
stearate LB films formed on single-crystal silicon sub-
strates coated with alayer of native oxide obtained with
the use of two different subphases—aqueous solutions
of gadolinium chloride and gadolinium acetate.

EXPERIMENTAL
Preparation of Langmuir—Blodgett Films

We used stearic acid C,;H;,0, (Serva, Germany)
and gadolinium chloride and gadolinium acetate (Ald-
rich, USA). Water was deionized with the aid of a Mil-
liQ system for water purification (Millipore, USA).
Langmuir monolayers were transferred onto solid sub-
strates and were studied on an automated setup described
elsawhere [16]. In order to obtain a stearic-acid mono-
layer the stearic acid (SA) solutionin 4 x 10 M chloro-
form was spread onto a clean surface of the subphase.
Ten minutes later (upon the evaporation of the solvent
and the attainment of the adsorption equilibrium), the
monolayer was compressed at arate of 3 A%(SA mole-
cule) x min with asimultaneous record of the compres-
sion isotherm. The monolayer was transferred from the

Table 1. Structural parameters of various phases of stearic
acid

Card
Phase Parameters, A ICPDS
B-monoclinic a=>5.710, b = 7.390, 9-622
c=50.70, B = 119.9°
C-monoclinic a=9.378, b =7.390, 38-1923
€ =39.960, 3 =94.81°
E-orthorhombic a=15.00, b=22.50, 8-594
c=2250
F-orthorhombic a=16.50, b =24.70, 8-668
c=24.700
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X-ray Diffraction Measurements

The integral diffraction patterns (6/26 scan) were
recorded on amulticrystal X-ray spectrometer based on
the Rigaku D/max-RC diffractometer with a 12 kW
X-ray radiation source with a rotating anode. We used
the K,,-line of a copper-anode radiation. The primary
radiation was monochromatized by a tunable double-
reflection silicon crystal—-monochromator. Depending
on the angular resolution required, different single- and
triple-reflection silicon crystal analyzers were used.
Wesk signals were recorded according to the classical
scheme with the use of the pyrolytic graphite crystal
(with an angular resolution of <0.1°).

RESULTS AND DISCUSSION

The surface-active substance forming a Langmuir
monolayer on the agueous-phase surface was stearic
acid because of the highly ordered and compact
arrangement of its carboxyl groups in the monolayer.
According to the X-ray diffraction data for powder
crystals, the solid phase of this compound can exist in
four polymorphous modifications, B, C, E, and F, with
different spatial orientations of C—H bondswith respect
to the molecule axis (Table 1).

Only the B and C phases are present in multilayer
stearate LB films, in which the pairs of molecules are
aligned to form bimolecular layers. The length of these
dimers depends not only on thetilt of the moleculesand
their mutual arrangement, but also on the packings of
atoms (especially carbons) inthetails of methyl groups.
Unlike the situation in single crystals, SA molecules in
LB films form an independent triclinic A phase with the
thickness of the bimolecular layer equal to (46.1+ 0.5) A
[17, 18]. The space group of the packing of SA mole-
culesin thefilmswas determined from the transmission
electron diffraction patterns. The spot-type electron dif-
fraction patterns showed that the A phase is either mon-
oclinic or orthorhombic with the unit-cell parameters
a=5.0Aandb=75A[19, 20]. In actual fact, LB films
consist of different mixtures of the Aand C or the B and
C phases or of al three phases simultaneously, which,
no doubt, changes the period of the layered structure of
the film and provides its local variations. This should
alwaysbekept in mind whileinterpreting the X -ray dif-
fractometric data.
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The characterigtic diffraction pattern from the
11-layer LB films of the stearic acid (6/26 scan) is
shown in Fig. 2a. The thicknesses of the bimolecular
layer or the periods of the films measured from diffrac-
tion patternsrange within 4648 A. It should be empha-
sized that the experimental values considerably differ
from the known powder diffractometric data for the
B phase but are close to the measured period of layer
aternation (46.1 + 0.5) A in the LB films consisting of
the molecules of the A phase [17]. Thus, it can be
assumed that the stearic-acid films obtained in our
experiments are formed mainly by the molecules of the
A phase. However, the question of whether the films
really consist of only one phase or not is still open.

It isinteresting to compare the structural perfection
of the films prepared by the transfer of SA monolayers
from the surface of the aqueous solutions of various
gadolinium salts onto substrates. We did experiments
on gadolinium chloride GdCl; and gadolinium acetate
[Gd(CH;—COO0),] (the sdltsof the acetic acid). It turned
out that the structure of the LB films obtained at the
same pH and the gadolinium salt concentration in the
aqueous subphase depended on the nature of the acidic
residue of the salt. The diffraction patterns from LB
films obtained with the use of a gadolinium chloride
solution (6/26 scan) clearly show only one consider-
ably broadened peak (the second one) with the inte-
grated halfwidth Wr = 0.794° (Fig. 2b), whereas the
other narrow peaks characterized by Wy = 0.2°, includ-
ing the first one, are very weak. X-ray diffraction from
thin LB filmsis described by the kinematical theory of
scattering. Therefore, the diffraction pattern can be
considered as two overlapped independent series of
reflections due to two independent phases having dif-
ferent molecular structures. It is also necessary to take
into account the superposition of individual reflections,
which makes the interpretation of the diffraction pat-
tern even more difficult.

The intensities at the maxima (1) and the integrated
intengities (1; = kN;), the halfwidths (W) of the reflec-
tion curves, and the layer periods (d) calculated from
the experimental values of the Bragg angles are indi-
cated in Table 2 (series 1). These data show that the
gadolinium stearate LB films consists of two phases
having different periods, d, = 25.2 or 50.4 A and d, =
47.6 A. However, sincethefirst reflection is very wesk,
the structure of such films can be described by two
models. In the first model, the reflection formed at the
Bragg angle 26 = 3.5° is assumed to be the 001 reflec-
tion and, therefore, the film should consist of the E or
F phase and not the A phase, because almost the whole
integrated intensity is concentrated in thisreflection. In
the second model, thisreflection isindexed like the sec-
ond, 002, reflection of the A phase, but thefirst peak due
to this phase is practically invisible on the diffraction
pattern because of pronounced diffuse scattering from
the molecular distortions of the film. The second phase
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Fig. 2. Diffraction pattern (6/20 scan) of LB films of (a) the
stearic acid (five bilayers, the period d = 47.6 + 0.5 A),
(b) gadolinium stearate on the polished silicon substrates
coated with alayer of native oxide obtained with the use of
an aqueous gadolinium chloride solution (the film thickness
isup to 20 bilayers, pH 5.5), and (c) gadolinium stearate on
the polished silicon substrates coated with alayer of native
oxide obtained with the use of an agueous gadolinium ace-
tate solution (the film thickness is 80 bilayers, pH 5.5).

observed most probably corresponds to the stearic acid
with the bimolecular-layer thicknessd, = 47.6 A.

The integrated intensities (I;) show that the fraction
of the second phase is insignificant (about 0.7%). The
second phase is more probable and, therefore, we
assume that the LB films consist mainly of molecules
of the A phase.

The reflection broadening (Wg) is associated with
the finite dimensions of the coherent-scattering region,
| = M(Wicos8). This correspondsto |, = 110 A for the
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Table 2. Results of X-ray diffraction study of Longmuir-Blodgett films

KOV’EV et al.

Sample series hkl [, pulsels Ni, pulse Wg, deg 26, deg F:grti%rtljaé/,e'r&
1 001 4064 - - 2.86 42.9
002 7526 162311 0.79 3.50 50.4
003 75 687 0.21 5.62 47.1
004 25 158 0.17 7.42 47.6
005 30 309 0.22 9.20 48.1
2 001 3921 25558 0.10 1.69 525
002 509 4417 0.11 3.40 52.2
003 284 2899 0.13 511 51.7
004 58 738 0.15 6.85 51.8
005 50 687 0.20 8.56 51.6
3 001 464 24561 0.55 1.73 51.1
002 324 9728 0.19 3.74 47.2
003 2144 61198 0.19 5.46 485
004 729 19498 0.18 7.23 48.9
005 702 18288 0.19 9.00 49.1
006 122 1938 0.17 10.79 49.2
007 101 2461 0.18 12.58 49.2
4 001 21115 382444 0.16 1.80 49.1
002 1897 31011 0.19 3.62 49.2
003 1113 23559 0.19 5.37 49.6
004 153 3148 0.18 7.18 495
005 159 3083 0.20 8.94 49.0
006 28 446 0.10 10.73 49.4
007 33 3031 0.19 12.30 49.4

first phase, and, according to the data for the (003),
(004), and (005) reflections, tol, = 420 A for the second
phase. It is interesting that the experimental |, value
equals double the period of the film, 2d, = 101 A,
whereas the |, vaue is close to the film thickness
(500 A). The coherent-scattering regions for LB films
are the regions with characteristic molecular structures.
Therefore, the molecular structure of the LB films
obtained with the use of the agueous GdCl; solution as
asubphase isrepresented by the following model. Gad-
olinium cations interacting with the stearic-acid mole-
culesof thefilm form the complexes and, thus, bind two
molecular bilayers, thus forming stable “chains’ of SA
molecules. In this case, the chain consists of four SA
molecules, e.g., SA—SA-Gd-SA-SA. In the film bulk,
these chains are arranged randomly and form a charac-
teristic “texture.” Between the regions of phase 1, one
can also encounter the regions of phase 2—Ilong chains
of stearic acid molecules which have not reacted with
gadolinium cations (SA-SA-SA-SA...). Thus, the
results obtained indicate that the use of gadolinium
chloride as a source of gadolinium ions in the aqueous
phase under the conditions of our experiments (pH 5.5,

gadolinium concentration 10~ M) does not lead to the
formation of perfect gadolinium stearate LB films. This
can be explained by the complicated processes of for-
mation of complexes by gadolinium cations on the
monolayer surface, including the interaction with
hydroxide and chlorideions, and al so the specific mechan-
ical properties of the monolayer and the interactions
occurring during the monolayer transfer onto the sub-
strate and the formation of the multilayered structure of
the LB film. A similar dependence was also observed
for cadmium stearate films[4].

The diffraction pattern from the films obtained with
the use of the gadolinium acetate aqueous solution as a
subphase is quite different. Figure 2c shows the typical
X-ray diffraction patterns (6/28 scan) from a thick
(80 bilayers) gadolinium stearate film deposited onto
the polished silicon substrate from the surface of the
aqueous subphase by the method of vertical immersion
of the substrate.

In the angular range 206 = 1°-10°, one can clearly
distinguish narrow Bragg reflections of various orders.
The characteristic feature of such diffraction patternsis
the occurrence of the Bragg diffraction only in the
angular range whose values are higher than the critica

CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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angle (6,) against the background of the X-ray specular
reflection from the substrate and the successive
decrease in the peak intensities of the diffracted beams
with an almost constant width of Bragg reflections. The
number of the recorded peaksisfully determined by the
intensity of the primary X-ray beam.

The intensities (1) and (1), the halfwidths (Wg), and
the layer periods (d) calculated from the Bragg angles
(20) areindicated in Table 2 (series 2). The average value
of the period of multilayer films determined from differ-
ent values of the Bragg anglesequalsd = (51.30 £ 0.5) A.

It should be indicated that the X-ray diffraction pat-
terns were measured at a high source power (6-8 kW)
at an angular resolution of [0.1° insufficient for study-
ing gadolinium stearate LB films. The halfwidths and
the maximum reflection intensities are also consider-
ably affected by the apparatus function.

However, the incorporation of heavy gadolinium
ionswith aradius of 1.78 A into the layered stearic acid
matrix consisting of light H, C, and O atoms with the
covalent radii Ry = 0.30, R- = 0.77, and R, = 0.74 A,
respectively [21], can giverise to pronounced deforma-
tions and distortions of the matrix structure and itsfrag-
mentation, i.e., formation of regions similar to domains
in the bulk ferromagnetics. Therefore, the Bragg dif-
fraction in LB films can be accompanied by diffuse
scattering from these individual structural inhomogene-
ities. The study of such fine structural problems
requires qualitatively new X-ray experiments at a
higher angular resolution (<0.01°).

The structural perfection of LB films considerably
depends on the state of the substrate surface (its purity,
relief, etc.). To avoid these effects, we used the molecular
layers of the pure stearic acid as buffer layers. Figure 3
shows the diffraction patterns of gadolinium lead stear-
ate LB film deposited directly onto a clean substrate
(Fig. 3a) and onto a substrate coated with a buffer layer
(Fig. 3b). The X-ray diffraction data obtained from these
specimens are listed in Table 2 (series 3 and 4).

Comparing the diffraction patterns, we see that the
relief of the substrate with the applied LB film consid-
erably influencesthe film structure. The diffraction pat-
tern in Fig. 3a shows not only a newly appeared broad-
ened (001) reflection, but also shows that the depen-
dence of the peak intensities on the reflection order is
also changed. Unlike the diffraction pattern in Fig. 2a,
we see that the first and not the third reflection that is
broadened. The characteristic dimension of the coher-
ent-scattering region determined from the peak half-
width (W = 0.55°) corresponds to the length of the
molecular chain of gadolinium stearate, 160 A, which
corresponds to the triple period 3d,,; = 153 A. There-
fore, the fragmentation of the LB film structure is
accompanied by the formation of complexes in the
form of molecular chains of the SA—SA-Gd-SA-SA—
Gd-SA-SA-type. Thisisthe shortest possible molecu-
lar chain. If there areten layers, the chain length ranges
from 3d to 10d.
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Fig. 3. Diffraction pattern (6/26 scan) of agadolinium stear-
ate LB film (10 bilayers) on polished silicon substrates
coated with layer of native oxide (&) without a buffer molec-
ular layer of stearic acid and (b) with such a buffer layer.
The thickness of the buffer layer equals three bilayers.

The molecular 3d-chains can form clusters possess-
ing a certain short-range order, which can result in a
considerable decrease in the peak intensity of the
(001) reflection. These clusters may comprise up to
18% of thetotal volume. Inasimilar way, it isalso pos-
sible to explain the anomalous changes in the intensi-
ties of other reflections on the diffraction pattern.

The stearic acid molecules located on the substrate
surface of the buffer layer smoothen this surface and thus
facilitate the formation of the regions with extended
ordered chain structures built from gadolinium-stearate
molecules during the film application. The halfwidths
of al the reflections on the diffraction pattern (Fig. 3b)
are almost equal, W= 0.18°. This value corresponds to
the dimension of the coherent-scattering region equal to
512 A or | = 10d. It follows from the diffraction data
that in the LB films studied there are no molecular
chains shorter than | = 10d. Therefore, the studies per-
formed allow usto state that the gadolinium stearate LB
films obtained from the subphase of the agueous gado-
linium-acetate solution onto the single-crystal silicon
substrates consist of only one phase and have homoge-
neous composition and perfect structure. The average
period of the layers determined from the differences of
the Bragg anglesisd = (50.1 £ 0.5) A.

Figure 4 shows X-ray specular reflection curves in
the vicinity of the critical angles for a silicon substrate
(curve 1) and gadolinium stearate LB films [series 3
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Fig. 4. X-ray specular reflection curves for (1) single-crys-
tal silicon substrate and (2, 3) gadolinium stearate films (ten
bilayers) (2) with a stearic acid buffer layer and (3) without
abuffer layer.

and 4 (curves 2 and 3)]. For the single-crystal silicon
substrate (curve 1), no specific featuresin X-ray specu-
lar reflection were revealed, and the angular depen-
dences are described by the well-known Fresnel
expressions [22] with the critical reflection angle
8, ~ 13'-14'. The application of an LB film onto the
substrate results, on the one hand, in a slight decrease
in the critical angle, and, on the other hand, in the dis-
persion form of the angular dependence of the reflec-
tion intensity, i.e., in the appearance of the correspond-
ing minimum and maximum.

This X-ray scattering pattern can be explained on the
basis of the following simple mode! [22]. Assuming that
in the gadolinium stearate-silicon substrate system the
refractive index of the film is less than that of the sub-
strate, we can state that the incident X-ray beam (at the
incidence angles exceeding thecritical anglefor thefilm)
propagates in the film bulk, and, if the film isinhomoge-
neous, is scattered by various structural defects or elec-
tron-density inhomogeneities. The refracted waves are
reflected by the substrate and emerge to the surface,
where they interfere with the waves reflected from the
film. In the vicinity of the critical angle, the phase of
the reflected waves is changed by 1t [22, 23], and,
therefore, the angular dependence of the X-ray specu-
lar reflection at the angles 6 ~ 8, acquires the disper-
sion form (curves 2 and 3).

One can evaluate the angle 6, for gadolinium stear-
ate Langmuir—Blodgett films. The critical angle of the
total external reflection of the X-ray radiation and the
refractive index are determined by the material polariz-
ability X asfollows: 8 = (IXoD"% N* =1~ [Xcol, Xo=r°

WmQ'Y | fo, where [x,| is the modulus of the real
part of the Fourier coefficient of the crystal polarizabil-
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ity, f, isthe atomic scattering factor, r¢ = €//mc? = 2.8 x
10-13 cmis the classical radius of an electron, Q isthe
unit cell volume, and A is the radiation wavelength.

For silicon crystals whose unit-cell volume Q =
161 A3 contains eight atoms, the critical angle at the
wavelength A = 1.5405 A equals 13.37" at [x,| =

15.127 x 10°. The caculation of the Fourier coeffi-
cients of molecular-crystal polarizahility involves cer-
tain difficulties. Their rigorous calculation should be
made by the formula of the structure factor including
the atomic coordinates in the molecule. However, this
requires knowing the model of the packing of the atoms
in the molecule, whose determination itself isacompli-
cated problem of the X-ray diffraction analysis of
organic materials. Therefore, we assume that the |x|
valuesfor gadolinium stearate and the stearic-acid crys-
tals differ only insignificantly. Then, one molecule of
the A-phase occupies the volume with a base of 5.0 x
7.5 =37.5 A2and a height equal to a half-thickness of
the bimolecular layer (d/2) of the film. In this case, the
critical angle equals 6, = 6.84', i.e., has a vaue lower
than the critical anglefor silicon 6, = 13.37".

It should be indicated that interference can occur
only in single-phase homogeneous LB films. There-
fore, the films of series 4 prepared with the use of an
aqueous gadolinium acetate solution as a subphase on a
single-crystal silicon substrate coated with a buffer
molecular layer satisfy this condition (curve 2 in Fig. 4).
If LB films are inhomogeneous and have some “ defect
regions,” diffuse (small-angle) scattering takes place and
suppressesthe X-ray specular reflection (curve 3). Inthis
case, interferenceis weakened and a peak with an anom-
alous intensity is formed in the vicinity of the critical
angle of the film due to the “condensation” of diffuse
scattering [24]. Measuring the angular range of nonspec-
ular reflection, one can determine the linear dimensions
of these inhomogeneities, D < A/2A8, = 400 A. The
defect structure is characteristic of LB films of series 3
obtained with the use of gadolinium acetate solution
and single-crystal silicon substrate without a buffer
molecular layer. The study of the nature of these defects
is a separate problem. However, we assume that these
defects can be certain complexes of gadolinium atoms
formed at the interface between the bimolecular layers.

CONCLUSION

Our studies showed that gadolinium stearate LB
films obtained with the use of agueous solutions of gad-
olinium chloride and gadolinium acetate as subphases
are characterized by different degrees of structural per-
fection. The films obtained with the use of the GdCl,
solution consist of two phases, whose layers are disor-
dered and bimolecular layers are considerably dis-
torted. The films obtained with the use of gadolinium
acetate and single crystal silicon substrates with buffer
molecular layers are practically of single phase, are
characterized by a high degree of perfection of molec-
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ular structure, and can be used for creating two-dimen-
sional magnets.
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Abstract—X-ray reflection and transmission diffractometric studies of nonisostructural heteroepitaxy showed
that the spatial rotation of the crystal lattice of the grown heteroepitaxial layer with respect to the substrate lat-
tice about the crystall ographic direction common for both lattices is the most general characteristic feature of
their mutual crystallographic orientation. This feature leads to the coincidence of the [00010polar axis of the
heteroepitaxial layer of the A'BY! compounds with one of the [111polar axes of the cubic substrate. The 30°
and 90° rotations in the plane of heteroepitaxy and the vernier-type conjugating of the planar nets of the hete-
roepitaxial layer and the substrate are the particular cases of their mutual crystallographic orientations. © 2002

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The discovery of acousto-electric phenomena and
effects in piezoelectric-insulator [1, 2] and piezoelec-
tric—semiconductor [3-5] systems required the prepara-
tion of heterostructures with definite mutual crystallo-
graphic orientations of the epitaxia layers of A'BY!
piezoelectrics on sapphire substrates or semiconductor
substrates with diamond (Ge, Si) and sphaerite (A""BY)
structures. The mutual crystallographic orientations
determine the type and number of exited bulk and,
especialy, the surface acoustic waves in piezoel ectric—
insulator and piezoe ectric—semiconductor systems. It
also affects the accuracy and reliability of the measure-
ments of the acousto-electric effects [1, 2] that allow
these effects to be used in various devices. All these
facts were an incentive to study the general features of
the mutual crystallographic orientations of conjugating
crystal lattices.

Asarule, mutual crystallographic orientations were
studied by transmission electron diffraction [4], Laue
X-ray diffraction in the transmission geometry in the
case of low X-ray absorption in the substrates, and the
method of back Laue scattering in the case of highly
absorbing substrates [5]. The data in Manasevit's
famous review article [6] demonstrate that, in many
instances, the mutual crystallographic orientation could
not be completely determined, because only one system
of parallel crystallographic planes was determined for

conjugating crystal lattices of the heteroepitaxial layer
and the substrate.

The substrates with surface orientation along the
{111}, {110}, {001}, and {112} planes and wedge-
shaped model substrates were prepared by the method
reported in [7, 8], which involved the X-ray orientation
of bulk single crystals and the preparation of oriented
cutsin a unified orientation—cutting cycle.

EXPERIMENTAL TECHNIQUES
FOR MEASURING THE MUTUAL
CRYSTALLOGRAPHIC ORIENTATIONS
IN THE CASE OF NONISOSTRUCTURAL
HETEROEPITAXY

The orientation of the CdS epitaxial layer on the Ge
substrate in the heteroepitaxial CdS/(111)Ge system
was determined by X-ray topography using a divergent
beam from a quasipoint source [4, 9-11] as

(0001)[1120]CdS || (111)[110]Ge. However, since the
operating speed of the X-ray topography was insuffi-
cient for the analysis of the mutual crystallographic ori-
entation, we suggested [3, 12] using faster X-ray dif-
fractometric methods such as Bragg diffraction in the
reflection geometry in combination with Laue diffrac-
tion in the transmission geometry. These methods pro-
vide a record of reflections from crystal planes both
parallel and perpendicular to the heteroepitaxial layer—
substrate interface. We used DRON-1,2,3,4 or DRON-

1063-7745/02/4703-0514%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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4M diffractometers (CuK, radiation) and recorded the
intensitiesin the angular ranges0° <20 < 164° and 0° <
20 < 70° in the reflection and transmission geometries,
respectively. The monochromatic radiation was
obtained using the 004 Bragg reflection from the plane-
parallel plate (cut out of a (001)Ge single crystal) on a
standard crystal holder of the goniometer.

In the case of heteroepitaxial layers on highly
absorbing substrates, the mutual crystallographic orien-
tations were determined from the difference in the
angular positions of the sample while recording the
reflections from the selected crystal planes. In these
cases, the counter was rigidly fixed at the correspond-
ing Bragg angles 26. If necessary, the X-ray diffraction
methods were supplemented by recording back Laue
scattering [5] and the analysis of growth-pyramid ori-
entations [3, 9] often observed on the surfaces of hete-
roepitaxial layers.

MUTUAL CRYSTALLOGRAPHIC
ORIENTATIONS OF HETEROEPITAXIAL ZnO
LAYERS AND DIFFERENTLY ORIENTED
SAPPHIRE (Al,0,) SUBSTRATES

Sapphire (Al,O;) belongs to the trigonal system,
sp. gr. R3¢, and has the lattice constants a, = 0.476 nm
and ¢, = 1.297 nm. Zinc oxide (ZnO) crystals belong to
the hexagonal system, sp. gr. Pomc, and has the lattice
constants a, = 0.32492 nm and ¢, = 0.52053 nm. An
analysis of the ZnO heteroepitaxial layers grown on
differently oriented sapphire substrates [12] gave the
following results.

Asarule, an epitaxial ZnO layer is oriented on the
(O001)AI,05 substrates in such a way that its basal
plane (0001)Zn0O is parallel to the substrate surface [3,
12] so that, in the plane of heteroepitaxy, the ZnO lat-
tice is rotated by an angle of 30° with respect to the
Al,O; lattice. The schematic in Fig. 1 clearly demon-
strates that in both hexagonal lattices the following

directions coincide: [11201Zn0O || [0110]ALO; and

[1010]ZnO || [1120]A1,0;. Because of the 30° rota-
tion, the lattice mismatch decreased from 37.8% at the
paralel arrangement of directions with the same indi-
cesto 17%. Such alattice rotation in the plane of hete-
roepitaxy wasfirst observed in the experimental growth
of ZnO layers on amica substrate [13].

At (1120)Al,0;-oriented substrates, the vernier-
type conjugating of the net of zinc atoms of the hete-
roepitaxial ZnO layer with the net of oxygen atoms on
surface of the sapphire substrate (Fig. 2) was found. In
this case, the sum of four interatomic distances along

the [1210]ZnO direction (12.96 A) is almost equal to
the sum of three interatomic distances along the
[0001]ALO; direction (12.95 A). This leads to a sub-

stantial reduction in the mismatch in lattice periods
(down to about 7%) also in the perpendicular direction.
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Fig. 1. Schemeillustrating the 30° rotation of the lattice of
the (0001)ZnO crystal layer relative to the lattice of the
(0001)Al,O5 substrate in the plane of heteroepitaxy.
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Fig. 2. Scheme illustrating the vernier-type conjugating of
(@) the planar net of Zn atoms in the heteroepitaxial

(1011)ZnO0 layer with (b) the atomic net of oxygen atoms
on the sapphire substrate in the (1120 )Al, 05 plane.

In ZnO layers on (1012)AL,0, substrates, the ZnO
|attice is rotated about the coinciding [1100]ZnO and

[1210]ALO; directions. Asaresult, thelattice mismatch
in this direction decreases from 38 to 16%, whereas in
another pair of coinciding directions, [0001]ZnO and

[1011]ALO;, it decreases aslow as 1.6%.

The growth of athin (1 um) intermediate ZnS layer
at the sapphire (0001)Al,O; substrate leads to the
formation of a ZnO layer oriented with its (0001)
plane aong the substrate. In this case, the mutual ori-

entation was (0001)[1120]ZnO || (111)[011]ZnS ||

(0001)[1120]A1,0;. Here, the total mismatch equals
38% and is the sum of the 22% mismatch at the
(0001)Al,04/(111)ZNnS interface and the 16% mis-
match at the (111)ZnS/(0001)Zn0O interface.
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Mutual crystallographic orientation of ABV! (CdS, CdSe, and ZnO) heteroepitaxia layers on the substrates with diamond- and

sphalerite-type hep crystal structure

Substrate orientation (112) (001) (110) (112) (112)
Substrate material Orientation of A!'BY! heteroepitaxial layers
Ge (0001) (3034) (1013) (1015) (1015)
GaAs (0001) (3034) (1013) (1015) (2025)
InSh (0001) (3034) (1013) (1015) (2025)

ORIENTATIONS OF HETEROEPITAXIAL
AUBVI LAYERS ON SEMICONDUCTOR
SUBSTRATES WITH DIAMOND
AND SPHALERITE (A"MBY) CUBIC LATTICES

The AMBY materials with face-centered cubic (fcc)
lattices of sphalerite type have no center of symmetry
and, therefore, are polar crystals, whereas silicon and
germanium with centrosymmetric fcc lattices of dia-
mond type are not polar crystals. The A'BY! materials
with hexagonal close-packed (hcp) lattices of wurtzite
type have no center of symmetry and are polar. The
anisotropy of physical characteristics in these crystals
is even more pronounced than in the sphalerite-type
materials.

The A"BY! semiconductor compounds (CdS, CdSe,
and ZnO) are piezoelectrics. In our experiments, these
materials were obtained on Ge, GaAs, and InSb sub-
strates by chemical vapor deposition.

The indices of the crystal planes in single-crystal
CdS, CdSe, and ZnO layers coinciding within an angu-
lar minute with the crystallographic planes closest to
the substrate surface areindicated in the table. The anal-
ysis of the tabulated datawith due regard for the results
obtained from back L aue patterns shows that one of the
O 110directions of the substrates coincides with the
[0001] polar axis of the wurtzite-type structure of the
heteroepitaxial layers.

Below, we formulate the most general features of
the mutual crystallographic orientation in nonisostruc-
tural heteroepitaxy of A"BY! compounds with hcp lat-
tices on substrates with diamond-(Ge) or sphalerite-
type (A'"BY) fcc lattices.

The polar [0001]A axis coincides with the O 11[A
direction in sphalerite or the (01 11[Ge direction.

The polar [0001]A axis coincides with that of the
O110A direction that forms the maximum angle of
deviation from the substrate surface and the boundary
of the heteroepitaxial layer.

The crystallographic directions [1120(at least one
of these directions) in heteroepitaxial layers are strictly
parallel to the (1 10directions of the substrates.

The most severe constraint is the first one. If this
condition is met in the heteroepitaxial growth of A'BY!
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compounds on AMBY substrates, condition two can be
violated. The fulfillment of condition one causes the
mutual 90° rotation of the crystal lattices of the layers
on the opposite sides of the plane-parallel (001)GaSh
and (001)InSb substrates. This result is supported by
the different orientations of the growth pyramidsin the
heteroepitaxial layers grown on the opposite surfaces of

one substrate [3, 14]. Here, the (3034) plane of the
A'BV!layer coincides with the plane of the (001) cut of
ABY substrates.

Two directions of the same polarity ([111]B and

[111]B) emergeat the { 112} A"BY substrate surface at
an angle of 71°32', whereas the direction of the oppo-
site polarity, [111]A, emerges at an angle of 28°28'". In
diamond-type structures, these directions differ only in
inclination angle. In the heteroepitaxially grown layers

on the opposite (112)Ge and (112 )Ge planes, the crys-
tal lattices of the heterolayers have a common [0001]
axis parallel to the [111]Ge direction forming an angle
of about 71° to the surface of the boundary of the hete-
roepitaxial layer. This is aso confirmed by the same
indices of strictly coinciding crystallographic planes
(columns 5 and 6 in the table).

In CdS, CdSe, and ZnO heteroepitaxid layers grown
on the opposite surfaces of the {112}GaAs and
{112} InSh substrates (three-layer “ sandwiches’), condi-
tions one and two are met only for the heteroepitaxial
layers grown on one surface of the substrate, whereasin
the heteroepitaxial layers grown on the opposite surface

({112}) of the plane-parallel substrates, the coincidence
of the directions of polar axes, [0001]A [|[111]A,
resulted in the spatial rotation of the crystal lattice of
the heteroepitaxial layer and the violation of the second
condition. In this case, the polar [0001] axis of the het-
eroepitaxial layer with the wurtzite structure coincides
with the [111] A axis of the opposite polarity emerging
at the surface at an angle of 28°28' and not with the
directions [111]B or [111]B characterized by the
maximum inclination (71°) from the substrate surface.
This fact is also confirmed by the different indices of
strictly coinciding planes: instead of a (1015) layer ori-
entation on the (112) surface of the substrate, the layer
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Fig. 3. Orientation of crystallographic directions in the
wedge-shaped Ge substrate and the orientation of the crys-
tal lattices with respect to these directions of the heteroepi-

taxial CdS layers grown on the (221) and (221 ) surfaces of
the wedge-like Ge substrate.

has a (2025) orientation on the opposite (112) surface
parallel to the heteroboundary (see table).

The second condition is confirmed in the model
experiment of the growth of CdS heteroepitaxial layers

on a wedge-shaped Ge substrate with (221) and (221)
wedge surfaces.

The crystallographic orientation determined isillus-
trated by Fig. 3. It is clear that the polar [0001] axesin
the CdS layers on both surfaces of the wedgelike sub-

strate coincide with the [111] and [111] directions in
the Ge substrate, which deviate by ~54° and not 18°, as
is characteristic of their extensions on the opposite sur-
faces of the wedge-like substrate.

The above general characteristics of the mutual
crystallographic orientations were partly confirmed in
experiments [14, 15] and [16, 17]. The experimentally
observed 30° rotation of the heteroepitaxial layer in the
plane of heteroepitaxy [16] was earlier predicted by the
authors on the basis of the two-dimensional point sym-
metry of the bicrystal. It seems that this result was first
obtained experimentally in[13]. The method for avoid-
ing this 30° rotation of a heteroepitaxial layer with an
hcp lattice on a sapphire substrate with the basis orien-
tation and the reduction of the mismatch by introducing
a thin intermediate cubic layer was suggested in [12].
This method is successfully used to grow gallium and
aluminum nitrides on sapphire substrates [17]. The
same authors used the advantages of vernier conjugat-
ing arising from the lattices described in [12] in noniso-
structural heteroepitaxy in order to reduce the lattice
mismatch and to attain a higher crystallinity of the
active layer of the device-oriented structures.
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CONCLUSIONS

The gpatial rotation of the crystal lattice in hete-
roepitaxial ZnO layers and, probably, in the layers of
other ATBY! compounds with respect to the lattice of
the sapphire substrate is the most general characteristic
of the mutual lattice orientations of these materials.
This rotation occurs around the directions common to
the layer and the substrate. Asaresult, the elastic-strain
energy in the heteroepitaxial system is decreased. The
30° rotation of the layer lattice in the plane of hete-
roepitaxy in the case of coinciding basis planes of the
layer and the substrate and vernier-type conjugating of
their planar atomic nets also reduces the elastic-strain
energy and is a particular case of the mutual crystallo-
graphic orientation. The growth of athin (1 um) inter-
mediate, e.g., ZnS, layer on a sapphire (0001)Al,O4
substrate prevents the 30° rotation of the ZnO layer in
the plane of heteroepitaxy and ensures the (0001)ZnO
orientation over the whole substrate area.

In the nonisostructural heteroepitaxy of A'BY! com-
pounds on substrates with diamond-(Ge) or sphalerite-
type (A"BY) structure, the most general characteristic
of the mutual crystallographic orientations is the coin-
cidence of the [0001]JA polar axis either with the
[111]A direction of A"BY substrates or with [111]Ge.

If several axes of the same polarity emerge at the
substrate surface of sphalerite structure, the polar
[O001]A axis of the wurtzite structure coincides with
the O11[A axis with the maximum deviation angle
from the substrate surface.

The 30° rotation of the lattice of the heteroepitaxial
layer on sapphire and the 90° rotation on AMBY sub-
strates, as well as the vernier-type conjugating of the
planar atomic nets of A"TBY! materials on substrates
with diamond- and sphalerite-type structures, are par-
ticular cases of the mutual crystallographic orientation.
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Abstract—Nucleation of transparent organic substancesin supercooled meltsunder vibration (50 Hz, 1-5 mm)
has been studied experimentally. In the absence of a seeding crystal, vibration did not affect nucleation within
the whole range of melt supercoolings studied, AT = 0.1-10 K. The introduction of a seeding crystal provides
a threshold supercooling AT* below which no nucleation occurs at all, whereas above it, an explosion-like
nucleation is observed. It is shown that mass growth of small crystals at AT > AT* is not associated with the
detachment of growing-crystal fragments and seems to be explained by three-dimensional nucleation on the
surface of a seeding crystal. © 2002 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Crystallization of meltsunder vibration is one of the
traditional methods of controlling the solidification
structure under the action of various external factors. In
particular, the methods of fragmentation of a cast struc-
ture under ultrasonic or low-frequency vibration are
widely used in metalurgy [1]. However, the technol og-
ical use of these methods islimited to arelatively small
number of alloys, whereas the mechanisms suggested
for the interpretation of the effects observed are devel-
oped insufficiently. Thisistrue, in particular, for inter-
pretation of the role of vibration in nucleation and
growth of crystals. The present study is dedicated to the
direct observation of the processes of nucleation and
mass growth of crystals under vibration.

EXPERIMENTAL

The schematic of a setup used in our experimentsis
shown in Fig. 1. A working chamber with an object is
placed onto a vibration-testing machine providing a
constant vibration frequency of 50 Hz and an amplitude
ranging within 0.1-5.0 mm. A distributing valve pro-
videsthe supply of water from thermostats to the work-
ing chamber. One of these thermostats (a hot one) is
used for remelting crystals in the sample in order to
attain the size necessary for the experiment, whereas
the cold one maintains the necessary temperature in the
sample, T < T, (where T, isits liquidus temperature).

We studied one-component compounds and binary
aloys of transparent low-melting compounds (see
table) whose growth was studied in detail elsewhere
[2-4].

The aloys were sealed in hermetic glass vesselsin
the shape of flattened cylinders. The experimental pro-

cedure reduced to the following. A vessel with a com-
pound was fixed in the working chamber placed on the
vibration-testing machine. The temperature T, and the
solidus temperature T of the alloy were measured prior
to and upon vibration. The alternative connection of the
chamber to the hot and the cold thermostats resulted in
the formation of aninitial crystal of adesirablesize (the
optimum size was dictated by the convenience of obser-

(@)

Fig. 1. (8) Schematic of the experimental setup: 1 working
chamber, 2 glassvessel, 3 supercooled melt, 4 crystals, 5 air
bubble, 6 vibration-testing machine, 7 distributing valve,
8 thermostat U-10; (b) schematic of observation: 1 source
of light, 2 vibration-testing machine, 3 working chamber
with glass vessel, 4 MBS-2 microscope, 5 camera.

1063-7745/02/4703-0519%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Substances studied

Substance mgk?;vnfrs]m te%rgg:o%fjsre
Ls
Succinonitrile Normal 57.6
Salol Layer 46.0
Benzophenone 48.0
Paradibromobenzene 89.0
Naphthalene 83.0
Thymol 49.9
Thymol + 1 wt % salol 49.2
Thymol + 2 wt % salol 48.8
Thymol + 5wt % salol 48.5
Thymol + 6.5 wt % salol 47.8

vation and the necessity of providing growth under the
same conditions for a sufficiently long time). Special
precautions were made to fix seeding crystals at the
same place of the vessel. We also studied the effect of
the vibration onto the nucleation of crystalsin a super-
cooled melt without the introduction of a seeding crys-
tal.

In al the experiments, the axes of cylindrical vessels
coincided with the direction of the application of vibra-
tion accelerations that gave rise to the melt flow, which
was characteristic of the given geometry and provided
the vibration of free surfaces (as was described in [1]).
Irrespective of the vibration parameters used, the melt
flow had the same closed configuration whereas its
intensity depended on the vibration amplitude.

EXPERIMENTAL RESULTS

The experiments were performed in three stages:

—the study of the effect of vibration on supercooling
of melts without the introduction of a seeding crystal;

—the observation of the mass growth of crystalsin
melts with a preliminarily introduced seeding crystal;

—the study of the growth stages for afixed seeding
crystal under vibration.

Supercooled melts of salol, benzophenone, paradi-
bromobenzene, naphthalene, and succinonitrile in the
vessels described above were subjected to vibration.
Earlier, it was established that the melts of these sub-
stances (except for succinonitrile) have a tendency to
supercooling and, under certain conditions, can acquire
aglassy state. The experimentswere made in the super-
cooling range AT = 0.1-10.0 K. In all the cases includ-
ing keeping the samplesat AT = 10 K and then subject-
ing them to at least 3-h-vibration, no nucleation was
observed in the salol, benzophenone, and thymol melts.
For paradibromobenzene and succinonitrile, the AT*
values at which crystals appeared in the melts, coin-
cided with the values recorded in the absence of vibra-
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tion. Thus, for the substances characterized by different
growth mechanisms, vibration did not affect nucleation
within the parameters used (a frequency of 50 Hz, an
amplitude of 5 mm).

In melts with one seeding crystal obtained upon
multiple remelting—growth cycles, an explosion-like
mass growth of crystals occurred within several sec-
onds. Switching-off vibration during the experiment,
we established that the mass growth of crystalswas pre-
ceded by a stage of formation of small crystals on the
vessel walls as aresult of the collisions of the seeding
crystal with these walls. The reduction of the vibration
amplitude below a certain threshold value (providing
the absence of collisions of a crystal with the vessel
walls) eliminated this effect. Thus, the presence of a
crystal with a diameter less than 100-150 pm in the
salol-thymol system under vibration with an amplitude
lessthan 1 mm did not lead to the mass growth of crys-
tals within the observation time of up to 30 min.

The explosion-like formation of a large number of
small crystals was observed for all the substances stud-
ied (see table) irrespective of their growth mechanisms
and nucleation rate. The observation showed that this
effect is associated only with collisions between the
crystal and vessel wallsand, therefore, is not associated
with nucleation in the melts and the mechanisms deter-
mining this nucleation.

The specific features of nucleation in avessel with a
fixed seeding crystal are essentially determined by the
melt motion in the vessel under vibration. Usually two
characteristic melt flows arise—thefirst flow caused by
the vibration of a free surface and the second less
intense flow in the whole volume, which isinduced by
thefirst (surface) flow. Theintensities of both flows are
determined by the sample geometry, with all the other
conditions being the same. Therefore, we prepared a
vessel of a standard shape and fixed the seeding crystal
there at a certain constant distance from the melt sur-
face in the vessel. Below, we consider the results
obtained in the case where a growing crystal interacted
with the first-type flow at a constant vibration fre-
guency (50 Hz) and the maximum vibration amplitude
(5 mm).

The results obtained can be summarized as follows.
For al the substances growing by the layer mechanism
(sdol, thymol, benzophenone, paradibromobenzene,
and naphthalene), the range of supercoolings is
revealed within which the introduction of a seeding
crystal did not give rise to nucleation of new crystals
during itsgrowth under vibration. These substances can
be divided into two groups depending on type of the
manifestation of this effect:

—paradibromobenzene and haphthalene (Fig. 2) in
which no mass crystallization was observed in the
whole range AT = 0.1-3 K (the upper limit of AT is
determined by a dramatic increase in growth rate at
AT =4.0-4.5K);
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Fig. 2. Grows of (a—d) thymol and (e, g) naphthalene crystals from a one-component melt under vibration; (a—d) AT = 0.5 K; the
time between frames: (a, b) 5min, (b, c) and (c, d) 1 min, (e, g) AT = 0.8 K with a 30 sinterval between the frames.

CRYSTALLOGRAPHY REPORTS Vol. 47 No.3 2002
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Fig. 3. Dependence of P on AT for the thymol—salol aloys.
The straight lines were obtained by the least sguares
method. The salol content inthe alloy: m0,® 1, A 2, v 5,
and ¢ 6.5 wt %.

—salol, benzophenone, and thymol (Figs. 2a—2d)
characterized by the well-pronounced threshold super-
cooling AT* upon the attainment of which nucleation
of new crystalsis observed under vibration.

The existence of AT* was established as a result of
multiple experiments on growth of afixed single crystal
under different supercoolings. Thus, the observation of
asample of the alloy thymol + 1 wt % salol under 3-h-
vibration at AT = 0.2-1.0 K showed no formation of
new crystals.

With an increase of AT by not more than 0.1 K with
respect to AT*, the mass crystallization of new crystals
was observed. Such a behavior was characteristic of all
the above-mentioned faceted crystals. We performed
the most detailed study of thymol and the binary thy-
mol—salol system. The salol concentration in the alloys
and their T areindicated in the table. It turned out that
there exists a supercooling range where, under vibra-
tion at afrequency of 50 Hz and an amplitude of 5 mm,
growth of a seeding crystal and the appearance of new
crystalsare of aprobabilistic character. The experimen-
tal AT* value was obtained by studying the probability
P of the appearance of new crystals (the quantity
inversely proportional to the expectation time). The
corresponding curves are shown in Fig. 3. The extrapo-
lation of these curves to the point P = 0 provided the
determination of the AT* value under the assumption
that the P(AT) functionislinear. It is seen that the char-
acter of the dependence P(AT) remains unchanged with
an increase in the second-component content in the
melt.

It should be indicated that similar experiments with
substances growing by the normal mechanism (succi-
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nonitrile, camphene, and cyclohexasanaol) are impossi-
ble because of their low adhesion that did not allow one
to fix a seeding crystal on awall of aglass vessel.

DISCUSSION OF RESULTS
AND CONCLUSIONS

The fragmentation of casted alloy under vibrationis
often considered as a result of pronounced nucleation
under vibration. The data obtained in the present study
lead to the conclusion that the explosion-like fragmen-
tation of the structure occurs under conditions where
the formed (introduced into the melt) crystals repeat-
edly collide either with one another or with the vessel
walls. If such crystalsare absent, vibration (in therange
of the parameters used) produces no effect on the pro-
pensity of the melts to supercooling. Moreover, if a
seeding crystal is introduced into the melt, the mass
crystallization occurs in the range of the parameters
exceeding the critical AT* value.

The existence of AT* is aso of importance for
understanding some characteristics of the growth
mechanism of crystals with flat surfaces. In our
experisents, the effect of vibration reduces to the for-
mation of a flow around the crystal in the melt. Con-
sider briefly the effect of such aflow on the changesin
the temperature, the processes at the interface, and the
mechanical action on acrystal.

Melt mixing in the vicinity of a growing crystal
caused by vibration resultsin a higher rate of interface
growth. The additional supercooling evaluated from
these data does not exceed 0.1 K. Obvioudly, such a
reduction of the melt temperature in the vicinity of the
interface cannot give rise to nucleation in the melt that
can readily be supercooled by several degrees centi-
grade.

For paradibromobenzene and haphthalene in the
range AT = 0.5-1.5 K, where the initia crystal looses
stability and is covered with macrosteps, neither mac-
rostep break nor the formation of new crystals were
observed. At the same time, for salol and thymaol crys-
tals with flat surfaces (without macrosteps), mass
nucleation of crystals was observed. Thus, this effect
cannot be explained by the loss of the morphological
stability of agrowing crystal and the mechanical break
of macrosteps.

As is well known [2], salol, thymol, naphthalene,
and paradibromobenzene under low supercooling of
the melt acquire planar growth shapes and grow by the
layer mechanism. This mechanism is implemented via
the growth of steps formed either by dislocations (the
dislocation mechanism) or by two-dimensiona nucle-
ation on the faces (the mechanism of two-dimensional
nucleation). It was also indicated [2] that the disloca-
tion mechanism prevailsin the range of low supercool-
ings, whereas beginning with AT = 1.0-1.5 K, the main
contribution to the growth rate comes from the pro-
cesses of facets nucleation. At AT > 6-7 K, the crystals
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with flat facets are transformed into spherulites consist-
ing of thin needles of the same orientation continuously
reproduced during the process of crystal growth. We
believe that the most probable mechanism of spherulite
formation is the continuous nucleation of three-dimen-
sional nuclei on the growth surface of crystals. The
sequences of shape formation for naphthalene and
paradibromobenzene is quite different. In [3], the con-
clusion is drawn regarding the formation of kinetic
roughness and the change of layer growth to normal
growth under comparatively low supercoolings. A sim-
ilar conclusion was aso drawn for naphthalene crystals
[4]. With an increase in the melt supercooling, the flat
facets of naphthal ene and paradibromobenzene acquire
a pronouncedly anisotropic needlelike shape and not a
spherulitic one as in salol. The essentia difference in
the morphology of the above two groups of crystals
reduces to the fact that the change in the growth shapes
in salol and thymol is accompanied by the transition
from the growth of single crystalsto the growth of poly-
crystals, whereas the change in the growth mechanism
for naphthalene and paradibromobenzene occurs
within the growth of single crystals.
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Theabovefactsallow thefollowing interpretation of
the differences observed in mass crystallization in the
melt flow for different crystals. Under melt supercool-
ing, where the interface growth is controlled by the for-
mation of three-dimensional nuclei, the melt flow pro-
vides the detachment of the nuclei and their further
individual growth. In other words, for salol- and thy-
mol-type crystals, the melt flow shifts the transition
from growth of single crystalsto growth of polycrystals
toward lower supercooling values.
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JUBILEE

Vadim Robertovich Regel
(on the Occasion of His 85th Birthday)

In sympathy with Vadim Robertovich Regel and
feeling deep gratitude to him, we cannot resist the
temptation to begin this article with a quite unusual
fact—Regel’s grandfather, the well-known botanist
Eduard Lyudvigovich Regel, wasinvited from Switzer-
land to organize the Imperial Botanical Gardens in
St. Petersburg. It was not easy to change the well-
tended and cared-for alpine valleys for the “wild” Bal-
tic sea open to al winds. But luckily, the hereditary
nobility promised to him in Russia took precedence
over al other considerations, and Regel the eldest con-
tinued his work on the banks of the Neva river. The
advantage of this Swiss investment in Russian science
became even more obvious when his son Robert
became the head of the Bureau of Applied Botany (the
future world-renowned All-Union Institute of Plant
Breeding) and became the supervisor of the diploma
work of future great geneticist Nikolai Ivanovich
Vavilov, and Regel’s grandsons Anatolii and Vadim
decided to become physicists.

Vadim Regel’slifewas, to alarge extent, determined
by the friendly relations of his youth. In times much
harder than ours, Regel’s mother, ElizavetaAndreevna,
rented a room to a girl, who soon acquired an admirer
that often visited her either viathe drainpipe or the win-

dow. This could not passed unnoticed and the curiosity
of little Vadim grew. From that time onward, the
admirer and Vadim Regel became friends for life. The
admirer was none other than Anatolii Petrovich Ale-
ksandrov, the future President of the USSR A cademy of
Sciences. It was Aleksandrov who later invited Regel,
who was then (1939) a postgraduate of the Polytechnic
Institute, to participate in work on the demagnetization
of ships. The method that they devel oped soon became
very popular. In 1941, when the Baltic fleet was block-
aded in the Finish bay by German minefields, this
method helped to free the battleship Marat and the part
of the Baltic fleet that had survived German bombing.
The physicists worked onboard naval ships together
with sailors and the quality of their work was verified
by risking their lives. During the war with Germany, the
German name Regel could hardly be a letter of safe
conduct, and Aleksandrov did his best to protect Regel
from the interest of the “competent government
organs” Immediately after the war, Aleksandrov
invited Regel to participate in a study associated with
the use of thermal diffusion in the separation of ura
nium isotopes (which then was part of the Soviet
project on the creation of atomic weapons). This work
involved great risks. Then, no safety measures were
known and they were only established in the process of
the work, which was part of the development of the
strategy of nuclear deterrence. Thisresearch concluded
the heroic chapter of Regel’slife.

In 1952, Vadim Regdl started working at the Insti-
tute of Crystallography, where he studied the nature of
the strengthening and plasticity of materials. He was
thefirst to establish experimentally the role of the ther-
mal motion of atoms in crystals and polymers during
their plastic deformation and destruction.

Regel continued these studies at the loffe Physicote-
chnical Ingtitute, where he was a vice director, and, in
1964, he defended his doctoral dissertation (in physics
and mathematics) and became a professor. He also ini-
tiated the study of the physical characteristics of the
deformation and fracture of composite materials.
Under his guidance, a new technology for producing
profile composites was developed. As one of the most
prominent experts in this field, Regel also studied the
durability of polymers and the physical mechanisms of
their destruction.

Regel spent most of his scientific life in Leningrad
and Moscow. By invitation of Academician B.K. Vain-
shtein, hereturned to the Institute of Crystallography in
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1980 and became the head of the Laboratory of the
Mechanical Properties of Crystals, where he continues
to work as aleading scientist to this day. From the very
beginning of this period, Regel supported all the scien-
tific projects of thelaboratory, in particular, the study of
the role of point defects in the deformation of crystals
under concentrated loads. These studies allowed us to
establish that the mass transfer caused by the collective
motion of point defects results in the formation of a
nanocrystalline state. In radiation physics, Regel stud-
ied the effect of beams of accelerated ions on crystals,
the effect of irradiation on the defect structure, the
physical properties of alkali-halide crystals, and the
behavior of various materials under the simultaneous
action of mechanical loading and irradiation with an
ion beam. His methodological studies include a mod-
ernization of the classical device for the active loading
of crystals, the so-called Regel-Dubov relaxometer (in
cooperation with the Design Bureau of the Institute of
Crystalography).

Inthefollowing years, Regel concentrated on study-
ing the evolution of the defect structure of crystalsin
the mechanical stress fields. In addition to the conven-
tiona objects of such studies, he also considered new
substances that were very promising for use in opto-
electronics and acousto-optics. Regel’s investigations
of the stability and durability of materials were aimed
at establishing the physical mechanisms of plasticity
and the fracture of solids. One of the guestions most
often asked by Regel is, “And what isthe mechanism of
this phenomenon?’

Regel has always been a model of self-discipline,
responsibility, conscientiousness, and precision in his
experimental work, his work with students, and in his
scientific-organizational activity. He manages to do
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everything not only on time but ahead of time. He has
supervised numerous candidate and doctoral disserta-
tionsand is highly esteemed in Moscow, St. Petersburg,
and in all the ex-Soviet republics. Regel was recently
head of the Scientific Council on the problems of
strength and plasticity of materials and today he is a
member of several scientific councils of the Russian
Academy of Sciences, amember of the editorial board
of the journal Solid State Physics, and an editor of the
journal Physical Abstracts.

A man of enormous charisma, with an easy and
cheerful disposition and exceptional goodwill, Profes-
sor Regel quite lives up to hisfamily name (in German,
Regel means a rule). His correctness, nobleness, and
accuracy are evident in everything he does. If he
decides to get acquainted with Moscow theater, he
starts going to the theater every Saturday and continues
for the whole season. If he becomes interested in the
arts, he systematically visits all the museums and exhi-
bitions. The order underlying his “grandfather’s bot-
any” and the systematic nature of his personality were
inherited by Regel from his ancestors but are luckily
balanced by his Epicurean attitude to life, i.e., the per-
ception of all its manifestations with an unchanging
sense of the joy, sense, and harmony of existence. His
favorite toast at friendly gatherings is “Let us drink to
life because, despite everything, lifeis beautiful!”

The editorial board of the journal Kristallografiya
(Crystallography Reports) applauds this toast, all the
more so because Professor Regel himself is an excel-
lent illustration of its truth.
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INFORMATION

The 2002 K optyug Prize Competition to Be Held by the Russian
Academy of Sciences

The Russian Academy of Sciences announces the
Koptyug Prize competition. This prize is awarded for
outstanding studies in chemistry that contribute to the
protection of the environment and the development of
science.

Submissions will be accepted no later than March 9,
2002.

GENERAL RULES

For the purpose of encouraging outstanding scien-
tific studies, discoveries, and inventions that are of
great importance for science and practice, the Russian
Academy of Sciences awards the Koptyug Prize.

The prize is awarded for the best separate scientific
study, discovery, or invention, or the best series of stud-
ies on the same subject.

A study or aseries of studies on the same subject are
submitted, as a rule, on behalf of a separate author.
Only the leading authors (no more than three persons)
can be proposed as candidates.

Theright to propose candidatesis granted to thefol-
lowing:

(a) academicians and corresponding members of the
Russian Academy of Sciences;

(b) scientific institutions and schools of higher
learning;

(c) scientific societies and technical societies of
engineers,;

(d) scientific councils of the Russian Academy of
Sciences or of other departments on the most important
scientific problems;

(e) scientific and technical councils of state commit-
tees, ministries, and departments, technical councils of
industrial enterprises, and designer’s offices.

The organizations or the personsthat propose candi-
dates for the competition should present to the Russian
Academy of Sciences (Leninskii pr. 14, GSP, Moscow
V-71, 117901 Russia) the following documents no later
than March 9, 2002;

() a presentation justifying the nomination and
detailing the scientific characteristics of the study and

its significance for the development of science and the
national economy;

(b) three copies of a published scientific paper (or a
series of papers) or data on the scientific discovery or
invention (for restricted studies, one copy of a type-
script can be presented);

(c) information about the authors, including alist of
their main scientific papers, discoveries, and inven-
tions, affiliation and post, and home address.

The document should be addressed “ To the Koptyug
Prize Competition.”

Studies that were earlier awarded State Prizes or
named state prizes are not accepted by the Koptyug
Prize competition.

The scientists who are awarded the prize are granted
the right to note “Awarded the 2002 Koptyug Prize of
the Russian Academy of Sciences’ in the titles of the
papers published.

The resolution of the Presidium of the Russian
Academy of Sciences and the abstract of the study that
was awarded the prize are published in Vestnik
Rossiiskor Akademii Nauk (Herald of the Russian
Academy of Sciences), the corresponding series of
|zvestiya Rossiiskor Akademii Nauk (lzvestiya of the
Russian Academy of Sciences), and the newspaper
Poisk (Search). Vestnik Rossiiskoi Akademii Nauk also
prints the portraits of the scientiststhat are awarded the
prize.

The published scientific papers discussed at the ses-
sion of the Presidium of the Russian Academy of Sci-
ences and for which the prize is awarded will be turned
over tothe Library of the Russian Academy of Sciences
for preservation.

Certificates will be presented to the winners of the
Koptyug Prize at a session of the Presidium of the Rus-
sian Academy of Sciences.

Further information is available via tel. 237-99-33,
237-99-65, and 952-25-86.

Trandated by |. Polyakova
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