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External and internal morphologies of natural impact apographitic
diamonds (paramorphoses) have been studied. The (0001) surface morphology of the
paramor phoses reflects their phase composition and the structural relationship of their
congtituting phases. Growth and etch figures together with the elements of crystal
symmetry of lonsdaleite and diamond are developed on these surfaces. The crystal size
of lonsdaleiteis up to 100 nm, and that of diamond is up to 300 nm. Two types of struc-
tural relations between graphite, lonsdaleite, and diamond in the paramorphoses are
observed: the first type (black, black-gray, colorless and yellowish paramorphoses) —
(0001) graphite is parallel to (1010) lonsdaleite and parallel to (111) diamond; the
second type (milky-white paramorphoses) — (0001) graphiteis parallel to (1010) lons-
daleite and paralléel to (112) diamond. The first type of the paramorphoses contains
lonsdal eite-diamond—graphite or diamond-onsdaleite, the second type of the
paramor phoses contains predominantly diamond. The direct phase transition of graph-
ite — lonsdaleite and/or graphite — diamond occurred in the paramorphoses of the
first type. A successive phase transition graphite — lonsdaleite — diamond was ob-
served in the paramor phoses of the second type. The structure of the paramor phoses of
this type shows characteristic features of recrystallization.

Keywords: natural impact apographitic diamond, graphite, lonsdale-
ite, diamond, surface morphology, structure type.

© V.KVASNYTSYA, R. WIRTH, S. PIAZOLO, D. E. JACOB, P. TRIMBY, 2016

ISSN 0203-3119. Csepxmeepovie mamepuainst, 2016, Ne 2 3



INTRODUCTION

Impact diamonds are observed in many meteorite craters of the
Earth [14]. In most of the known craters these diamonds are paramorphoses on
graphite crystals mimicking their primary form with some deviation from their
origina hexagonal contours [1-4]. There are a few basic varieties of the
paramorphoses based on color and transparency: opaque black, opague gray—black,
opague milky—white, colorless, and transparent yellowish. Despite the external
appearance of single graphite crystals, the paramorphoses have a multiphase
composition. They are textured polycrystalline and polyphase formations
consisting of strictly oriented micro-nanocrystallites of the new phases such as
lonsdaleite and diamond and some relict or newly formed graphite [1, 2]. The
ratios of these three phases in the paramorphoses can be different. X-ray diffraction
study of powder samples of the paramorphoses showed different ratios of
crystalline phases for the paramorphoses of different colors [1]. Black
paramorphoses can contain up to 37 % or more lonsdaeite (the rest is composed of
graphite and diamond), colorless and yellowish paramorphoses contain up to 20—
25 % lonsdaleite (the rest is diamond), and milky—white paramorphoses contain
only a small fraction of lonsdaleite; they are almost pure diamond. This is the
highest content of lonsdaleite observed in the three-phase paramorphoses.

X-ray studies of natural impact apographitic diamonds, theoretical develop-
ments and comparison with the products of experimental shock transformation of
graphite revea ed a martensitic mechanism of their formation [5]. It was suggested
that the direct coherent transitions of graphite to lonsdaleite and graphite to
diamond occurred during natural shock compression, experimental shock and static
compression [1, 6]. The successive transformation of graphite — lonsdaleite —
diamond was established for experimental shock-quenched diamond [6]. Gener-
aly, the new crystalline phases (lonsdaleite, diamond) are strictly oriented to each
other and relative to the original graphite crystal. Consequently, the growth and
etch figures on the (0001) surfaces of paramorphoses should reflect the relative
orientation of both phases and their own symmetry.

In principle, the crystalographic characteristics including symmetry
relationships and anisotropic surface reactivity, and surface energy are expected to
result in distinct growth and etch figures dependent on the crystallographic
orientation of the surface, e.g., [7, 8]. For example, it has been demonstrated that
the growth and etch figures on the (0001) surfaces of the paramorphoses allow us
to qualitatively assess the phase composition and to establish the orientation
relationship between the original and newly formed phases [9]. This data allows
the establishing of a mechanism of the active phase transitions. The present study
is a continuation of the aforementioned micromorphology study of the
paramorphoses of different color and an identification of the mechanism of their
formation. Our paper reports the first observation of new structural type of natura
impact apographitic diamond. The maor aim of this paper is to present
morphological and textural data and observations of this unusual impact diamond,
as obtained by modern techniques. This diamond is interpreted as product of
growth at very high temperatures and pressures.

SAMPLESAND ANALYTICAL TECHNIQUES

Many small impact apographitic diamonds — paramorphoses — from Popigai
meteor crater (Russia) have been investigated (Fig. 1). The crystal size varies from

approximately 0.10 to 0.75 mm. On the (0001), (1010) surfaces as well as on frac-
ture surfaces of these paramorphoses twin striation, growth and etch figuresare
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Fig. 1. SEM images of different natural impact apographitic diamonds (a—f are rare paramor-
phoses; g, h are common paramorphoses): a — on the (0001) face of the paramorphose there is a
thin twin striation visible along [1010]; b — on the (0001) face of the paramorphose there is an
intense twin striation visible along [1010]; ¢ — a paramorphose formed on original twin graphite
crystals after Veselovsky's law; d — a paramorphose formed on parallel intergrowths of origina
graphite crystals; e, f — the paramorphoses formed on pinakoid-prismatic origina graphite crys-
tals, g — a paramorphose with intense etching of the (0001) surface; h — fragment of a paramor-
phose, which is acommon form of the impact apographitic diamonds.
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observed. A scanning electron microscopy (SEM) was used to study of the mor-
phology of these surfaces. For phase composition study of the paramorphoses
transmission electron microscopy (TEM) was used. SEM investigations were car-
ried out on a JSM-6700F (JEOL) equipped with an energy dispersive X-ray ana-
lyzer at Semenenko Institute of Geochemistry, Mineralogy and Ore Formation of
National Academy of Sciences, Kyiv, Ukraine.

Two paramorphoses of different colors were selected for TEM study: 1 is black
and opaque; 2 is milky-white and opaque. Electron transparent foils for TEM in-
vestigation were prepared in a focused ion beam (FIB) device (FIB 200 TEM) at

GFZ Potsdam, Germany. The foils were cut approximately parallel to (1010)
planes of the paramorphoses. Details about FIB sample preparation are given else-
where [10, 11]. TEM investigations were performed on a FEI Tecnai F20 XTwin
with afield emission gun as electron emitter. The TEM is equipped with an EDAX
X-ray analyzer, a Gatan imaging filter GIF Tridiem and a high-angle annular dark
field detector. TEM techniques such as electron diffraction and high-resolution
lattice fringe imaging were applied to the samples.

In order to determine the orientation relationships at a [Lm to nm scale, two rep-
resentative FIB foils of the TEM studied paramorphoses were measured using
Transmission Kikuchi Diffraction (TKD analysis). This new technique allows
orientation and phase recognition at the nm scale in sample where conventional
Electron Backscatter Diffraction is at its limits [12]. This analysis was performed
using a Zeiss Ultra Plus FEG SEM, equipped with an Oxford Instruments Channel
5 EBSD system and a NordlyssS EBSD detector at Australian Centre for
Microscopy and Microanalysis, the University of Sydney operated at 1-10 nA and
30 kV at high vacuum. The TEM foil was mounted using custom made clamps
attached to a standard 70° tilted EBSD sample holder. The SEM stage was tilted
toward the EBSD detector by 20 degrees at a working distance of typically 5 mm
from the pole piece [12]. After positioning of the SEM stage the EBSD detector
including phosphorous screen and fore scatter detectors was fully inserted.
Orientation maps were collected by stepping the electron beam across the surface
in arectangular grid with a step size of 10 nm. Diffraction patterns were collected
with a resolution of 336x256 pixel (4x4 binning). During data acquisition all
patterns were stored and later re-analyzed with optimal conditions for the band
detection. The orientation and intensity of 11 Kikuchi band were compared to up to
49 theoretical bands [13] to calculate the orientation of each analysis point. EBSD
data are presented in the form of (i) relative orientation maps exhibiting changesin
crystallographic orientation relative to a chosen reference orientation, (ii) lower
hemisphere pole figures where X and Y directions correspond to the horizontal and
vertical sample reference frame and (iii) orientation contrast images.

RESULTS
SEM investigations

Depending on the phase composition, to be more specific the ratio between
lonsdaleite and diamond, the surfaces of the paramorphoses display various growth
and etch figures. At the most advanced (0001) surface of the paramorphoses the
symmetry of these figures corresponds to the symmetry of planes of lonsdaleite or

diamond. On the (1010) surface of the paramorphoses this dependence is amost
manifested through a thin layer of (0001) graphite. However on all surfaces of the

paramorphoses, including fracture surfaces, twin striations along (11_21) arevisible
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(Fig. 2, @). Theintensity of the twin striation development is different from grain to
grain and it depends to some extent on the phase composition of the
paramorphoses.

Fig. 2. SEM images of new figures on the (0001) surfaces of natural impact apographitic dia-
monds (a— are black paramorphoses, d is a yellowish paramorphose): a — the traces of intense
twinning; b — rectangular growth plates; ¢ — rectangular etch pits; d —trigonal and hexagonal etch

pits. All new figures are strictly oriented along [10i0].

The black paramorphoses contain three phases, often with dominance of lonsdale-
ite. Typicaly, the (0001) surfaces of such paramorphoses are covered with rectangu-
lar figures of growth and etching (see Fig. 2, b, ¢). These figures are oriented along

the [lOiO] direction. The size of rectangular growth planesis up to 100 nm.
The colorless and dlightly yellowish paramorphoses contain less lonsdaleite and
more diamond. On their (0001) surfaces trigonal and hexagonal etch pits are often

visible (see Fig. 2, d). The patterns of such cavities are oriented along the [1010]
direction. They testify the prevailing diamond phase in the paramorphoses. The
same cavities cover the faces of the octahedron of natural diamonds.

The milky-white paramorphoses are unique. They consist amost of pure dia-
mond. The externa hexagonal form of these paramorphoses is very rare. However,

twin striation along [1010] direction occurs sometimes on such paramorphoses.
Most of these paramorphoses were created by etching. Numerous negative
rectangular and quadratic pyramidal pits cover the (0001) surfaces (Fig. 3). The
same cavities cover the faces of the trapezohedrons and cube of natural diamonds,
respectively. However, depending on the inclination of the surface (0001) the walls
of these pits and pyramids display trigonal or hexagonal or quadratic or rectangular

symmetry (Fig. 4). All of these etch figures are strictly oriented along [1010].
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Fig. 3. SEM images of natural impact apographitic diamond and its new etch figures on the (0001)
surface: a — morphology of milky-white paramorphose; b — (0001) surface covered by rectangular

and quadratic pyramidal etch pits oriented along [1010]; ¢, d —details of the etch pits.

Fig. 4. SEM images of natural impact apographitic diamond and its new figures on the (0001)
surface and on the breaking surface: a — morphology of a milky-white paramorphose; b — (0001)
surface of the paramorphose covered by rectangular and quadratic pyramidal etch pits oriented

aong [10i0]; ¢ — details of the etch pits; d — the patterns of diamond octahedrons on the break-
ing surface. The breaking surfaceis indicated by the white arrow (a).
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On fracture surfaces of milky-white paramorphoses the patterns of octahedra
diamond crystallites (see Fig. 4) are observed, which are strictly oriented along the

[1010] direction. Their size does not exceed 300 nm. A notable feature of milky-
white paramorphoses is the epitaxial growth of diamond on the (0001) surfaces.
The tiny diamond octahedrons grow on the diamond matrix of these paramor-
phoses (Fig. 5). Their size does not exceed 2—10 pum.

Fig. 5. SEM images of natural impact apographitic diamond with oriented micro-
nanopolyhedrons of diamonds — octahedrons grown on its (0001) surface, often L, axis of octa-
hedronsis parallel to [001] diamond matrix: a — morphology of a milky-white paramorphose; b —
(0001) surface of the paramorphose covered by diamond octahedrons; c—d — details of octahe-
drons (their locations in theimages a, b, and c is indicated by white rectangle).

TEM investigations

For these investigations we have chosen two extreme types of impact dia
monds. with domination of lonsdaleite and diamond. Figures 6 and 7 show the
paramorphoses studied with TEM. As can be seen from these figures, the externa
and internal structures of black and milky-white paramorphoses are different. The
(0001) surface of the black paramorphose is covered with the rectangular growth
plates, whereas the (0001) surface of the milky-white paramorphose is covered
with the negative rectangular and quadratic etch pyramids. These growth and etch

figures are strictly oriented along [1010]. High-angle annular dark-field (HAADF)
images (see Fig. 6, ¢, d and Fig. 7, c, d) clearly show the polysynthetic twinning of
the black paramorphose and the recrystallization of the milky-white paramorphose.
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Fig. 6. SEM (a, b) and TEM (c—€) images of natural impact apographitic diamond: a — morphol-
ogy of a black opaque paramorphose; the location, where the oriented foil 3509 was cut, is indi-
cated by white rectangle; b — rectangular growth plates on its (0001) surface; ¢ — HAADF image
of foil 3509. The darker part of the foil in the center is caused by an additiona thinning; d —
internal structure of the paramorphose, HAADF image with diffraction contrast of twinning, foil
3509; e — selected area electron diffraction (SAED) pattern of foil 3509, the scattering intensities
are attributed to lonsdaleite (L — lonsdaleite, D — diamond).

Electron diffraction patterns of the foils studied show that the paramorphoses
consist of crystallites of lonsdaeite, diamond, and minor graphite. The selected
area diffraction patterns represent a larger volume of the foil (approximately 5 um
in diameter). Figure 6, e is an electron diffraction pattern of the carbon phases
(with lonsdaleite predominating) of apographitic black impact diamond. Most fre-
guently the observed d-spacing dyy is attributed to lonsdaleite (see the table). Fig-
ure 7, e is an electron diffraction pattern of the carbon phases (with diamond pre-
dominating) of apographitic milky-white impact diamond. Most frequently the
observed d-spacing dyy is attributed to diamond (table).
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Fig. 7. SEM (a, b) and TEM (c—€) images of natural impact apographitic diamond: a — morphol-
ogy of amilky-white opague paramorphose; the location, where the oriented foil 3510 was cut, is
indicated by a white rectangle; b — rectangular and quadratic pyramidal etch pits on its (0001)
surface; ¢ — HAADF image of foil 3510; d — internal structure of the paramorphose, HAADF
image of recrystallization, foil 3510; e — SAED pattern of foil 3510, the scattering intensities are
attributed to diamond (D — diamond) only.

TKD analysis: Orientation and Phase relationships at the nm scale

The foil 3510 from the milky-white paramorphose gave a very good TKD map
(Fig. 8). The obtained data showed that the sample 3510 is > 95 % diamond, it
represents a strongly deformed grain with distinct shear bands. That is, the TKD
method confirms it is all diamond, partly recrystallized with some interesting
features that are known from extreme deformation in metals.
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Interplanar spacings (d in A) for black and milky-white impact diamonds
(foils)

Black impact Milky-white Graphite* Lonsdaleite* Diamond*
oy [Mesaeee ] o [ma [ o [ | o [w
- 21502 - 21338 1010 21842 1010

2.0495 2.0507 2.0430 20335 1011 20593 0002 20592 111
1.9231 1.9350 - 1.8006 1012 19296 1011

12418 - 1.2525 12610 1120 1.2610 022
1.2372 1.2390 - 12320 1120

11457 - - 11565 1122 11623 1013

1.0632 1.0649 1.0668 1.0754 113
- - 0.7834 0.7280 242

*2003 JCPDS — International Centre for Diffraction Data.

The foil 3509 from the black paramorphose was too fine-grained i.e. below
20 nm and/or intergrown for a successful automated quantitative mapping analy-
sis (Fig. 9). Analysis of foil 3509 showed that the sample is crystalline (i.e. not
amorphous) as there are detectable Kikutchi patterns throughout the sample. The
patterns suggest grain-sizes in the nanoscale (< ~20 nm) and the crystalline
material is strongly intergrown and deformed. According to the latter
characteristics, it was not possible to obtain sufficiently good Kikuchi patterns
for constructing a reliable phase and/or orientation map. In other words, the
nanoscale intergrowth of graphite, diamond and lonsdaleite prevented quan-
titative analysis.

DISCUSSION

It was shown edlier that already the (0001) surface micromorphology of the
black and yellowish paramorphoses allows one to evaluate their phase composition
and to determine the orientation relationship between structures of the phases [9].
For these paramorphoses the following orientation relationships between initia
graphite and new phases of lonsdaleite and diamond were determined: (0001)

graphite is paralel to (1010) lonsdaleite and to (111) diamond (Fig. 10). That
orientation relationship suggests a martensitic formation mechanism of impact
apographitic diamond and of the direct transition graphite-lonsdaleite and
graphite—diamond during shock loading.

The same orientation relationship for the phases of impact diamonds from me-
teorites have been established [14-16]. But there are different mechanisms of their
formation under shock loading: martensitic and topotactic. So, Garvie et a. (2014)
[16] examined nano-sized grains of interstratified graphite and diamond from
Gujba, an extraterrestrially shocked meteorite, using HRTEM. This coexistence
allows them to derive a topotactic mechanism for the transition, complete with the
transition matrix. However, in our case, there was a martensitic transformation.
This is evidenced by regular orientations of growth and etch figures on the (0001)
surface of the paramorphoses as well as a regular orientation of the new phases
with respect to the morphology of the original graphite.
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Fig. 8. Orientation characteristics of a deformation shear band present in foil 3510. (A) EBSD
orientation map (location of map is shown as black box in overview image) showing in grey
scale the change in orientation relative to the reference orientation marked with black cross.
Clean white areas are areas where no reliable orientation data could be obtained. 1.5-10 degree
boundaries are marked in silver while high-angle boundaries are depicted in black. Note the area
of recrystallized grains (dark grey) extending from the right upper corner to the left lower corner.
(B) Pole figure showing the orientation of the recrystallized grains relative the deformed “ parent”
grain. Note the grey scale scheme corresponds to that of the orientation map.

The features of (0001) surface morphology of milky-white paramorphoses
document their almost pure diamond phase composition and other relations be-
tween the structures of the initial graphite and new phase of diamond (Fig. 11).
This is different from what we observe in black and yellowish paramorphoses.
Based on the etch figures, the (0001) plane of theinitial graphite coincides with the

(112) plane of diamond. The (1010) plane of graphite is parallel to (111) plane of
diamond. Similar structural orientation relationship of the original graphite and the
newly formed phases of lonsdaleite and diamond are described for an experimen-
tally shock-quenched diamond e.g., [17]. This orientation was explained by the
serial transformations of graphite — lonsdaleite — diamond. At first, orientation
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(0001) graphite perpendicular to (0001) lonsdaleite was implemented. Then the
(0001) planes of lonsdaleite transform to the (111) planes of diamond, since the
(0001) planes of lonsdaleite are constructed similar to the (111) planes of diamond.
So, there is new structural type of natural impact apographitic diamonds: (0001)

graphiteis parallel to (1010) lonsdaleite and parallel to (112) diamond.

1 pm

Fig. 9. Orientation contrast image of foil 3509 showing qualitatively different orientations and
phases in different grey scale. Note the 0.2-0.4 um thick bands of different phase/orientation and
strong intergrowth within bands at the nanometer scale. Patterns show that elongate areas (“X”
versus “Y") do not show awell-defined twinning relationship.
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Fig. 10. Orientation relationship of structures of precursor graphite and newly formed lonsdaleite
and diamond (G is the graphite crystal, L is a hypothetical lonsdaleite crystal, D is a hypothetical
diamond crystal) in black and yellowish paramorphoses. The growth and etch figures on the
(0001) surface of the paramorphose. Drawing is slightly modified [9].

Elements of such kind of orientation relationships between graphite—
lonsdaleite—diamond were observed for artificial and natural paramorphoses of
impact structures by many other researchers, e.g., [5, 18-22]. Sokhor and
Futergendler [20] reported that the (111) plane of diamond is parallel to the (0001)
plane of lonsdaleite in natural paramorphoses. Also similar structura orientation
relationships between graphite, lonsdaleite, and diamond are determined in
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artificial paramorphoses, e.g., [6, 21]: (111) diamond is perpendicular to (0001)
graphite and (111) diamond parallel to (0001) lonsdaleite.

<o\ O etch .Iﬁ gures

[0001] G
[10T0]1 L

Fig. 11. Orientation relationship of structures of precursor graphite and newly formed lonsdaleite
and diamond (G is the graphite crystal, L is a hypothetical lonsdaleite crystal, D is a hypothetical
diamond crystal) in the milky-white paramorphoses. The etch figures on the (0001) surface of the
paramorphose.

Probably the formation of such milky-white impact diamonds took place at very
high temperatures and pressures, when the metastable phase of lonsdaleite trans-
forms into a stable phase of diamond. This was accompanied by growth and high
deformation of diamond grains resulting in large highly deformed diamond grains
with distinct shear bands characterized by stringers of small, nanometer scale, less
deformed diamond grains. This phenomenon of transformation lonsdaleite into
diamond at high temperatures under shock loading (32 GPa and above 3200 K)
was confirmed by experiments [23].

Our findings provide new insights into epitaxial diamond growth on impact
diamonds. time and some growth conditions. Similar epitaxial growth forms
(octahedrons, cube-octahedrons and cubes of micro-nanometer sizes) on (0001)
planes of natural white paramorphoses have been described earlier [1], but the
orientation relationships of the phases involved in such paramorphoses have not
been clarified. Recently Masaitis [24] reported the same epitaxial growth on some
Popigai impact diamonds. Also Trueb [25] found the same epitaxia growth forms
on artificial impact diamonds.

Infrared spectroscopic measurements of natural impact apographitic diamonds
indicates that they do not contain impurities of nitrogen (or contain less than the
threshold sensitivity of the method, which is less than 20 ppm). However,
photoluminescence study indicated the existence of nitrogen complexes (N3 and
H3 centers) in milky-white paramorphoses [1]. It can be assumed that just the
epitaxial growth forms of the paramorphoses contain impurities of nitrogen. Proba-
bly their growth occurred on the diamond matrix by gas phase condensation after
the transition of graphite — lonsdaleite — diamond.
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CONCLUSIONS

The study of the surface morphology of natural impact apographitic diamonds
provides new information on their crystallogenesis:

The (0001) surface morphology of natural impact apographitic diamonds
reflects their phase composition and structure type.

There are two structural types of natural impact apographitic diamonds with the
following orientation relationships of the phases: the first type (black, colorless and

yellowish paramorphoses) — (0001) graphite is parallel to (1010) lonsdaleite and
paralel to (111) diamond, the second type (milky-white paramorphoses) — (0001)

graphite is paralld to (1010) lonsdaleite and parallel to (112) diamond. The direct
transition of graphite — lonsdaleite and graphite — diamond occurs in the first
structural type. The successive transition of graphite — lonsdaleite — diamond
takes place during the formation of the second structural type.

The structure of milky-white impact apographitic diamonds is totally different
from that of the black, colorless, and yellowish impact apographitic diamonds. It
appears that the paramorphoses are deformed and partialy recrystallized due to
high temperature (due to an annealing event) at high shock pressure.

The matrix of milky-white impact apographitic diamonds may consist of
polyhedral micro-nanocrystallites of diamond. This is a unique phenomenon of
polyhedral growth in a split second due to high shock loads.

The oriented micro-nanopolyhedrons of diamonds — octahedrons — can grow on
(0001) surfaces of the paramorphoses of the second structura type. The four fold
axis of the polyhedrons and the [001] diamond matrix are parallel.

We thank A. Schreiber (GFZ, Potsdam) for preparing oriented foils for TEM
investigations. This is contribution no. 581/988 from the ARC Centre of
Excellence for Core to Crust Fluid Systems (www.CCFS.mg.edu.au) and
GEMOC(www.GEMOS.mg.edu.au). The authors acknowledge the facilities, and
the scientific and technical assistance, of the Australian Microscopy & Microanaly-
sis Research Facility at the Australian Centre for Microscopy and Microanalysis,
The University of Sydney.

Busueno 306miwnio i enympiwnio Mopgonocito npupooHozo IMNaAKmHO20
anozpagimosozo amimazy — napamopgos. Mopgonozis nosepxons (0001) napamopghos
gioobpadicae ix gpazosuil ckiad i cmpykmypHi 63a€mo38’ 3ku ckiadosux gaz. CKkynvnmypu pocmy
i mpaenenHs 3 eleMeHmamy KpUCmaniuHoi cumempii 10HcOeunimy i aimasy po3eunymi Ha yux
nosepxusx. Posmip kpucmanimis nouncoeiinimy — oo 100 um, a armasy — oo 300 um. Buseneno
08a Munu CMpPYKMYPHUX CNiG8IOHOUIEHb MIdC 2papimom, TOHCOeUnimom i aiMazom 6 napamop-
Goszax: nepwuti mun (4opnui, uopno-cipi, 6e36apeni i scoemyeami napamopghosu) — (0001)
epapimy napaneavna (1010) noncoeiinimy i (111) armaszy; opyeuit mun (morouno-6ini napa-
mopgoszu) — (0001) epagpimy naparenvna (1010) aoncoeinimy i (112) ammaszy. Hepwuii mun
napamopghosz micmumo JOHCOCUTIM—AIMA3—2padim abo armaz—1oHcOeunim, opyeull mun napa-
Mopghoz — nepesadicho aimaz. Ilpsmuil aszosuil nepexio epaghim — noncoevinim malabo
epagim — anmas 6iobysca ¢ napamopgoszax nepuiozo muny. Ilocrioosuuil gasosuil nepexio

epagim — noucoeinim — aimaz mas micye 8 napamopgosax opyeozo muny. Cmpykmypa na-
pamoppos ybo2o muny Hece XapakmepHi 03HAKU NEPEKPUCATI3AYiL.

Knwwuosi crosea. npupoonuti imnaxmuuil anoepagimosuti aimas, epagpim,

JIOHCOeUnim, aimas, MOp@onozia no8epxHi, CMpyKmypHull mun.

H3yuena 6HewiHAs U GHYMPEHAs, MOPPON0U RPUPOOHOL0 UMNAKMHOZO ANo-
epagpumosozo armasa — napamopgpos. Mopponozust nosepxnocmeii (0001) napomopghos ompa-
Jrcaem ux azoewilli cocmas u cmpyKmypHvle 63aumoomuouienus cocmasnaiowux gas. Ckynon-
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Mypbl pOCMaA U MPAGLEHUsL C DNEMEHMAMU KPUCMATIUYECKOU CUMMEMPUY IOHCOCUIUMA U aimd-
3a pazeumvl Ha dmux nosepxrocmsix. Pazmep xpucmannumosg noucoeiinuma — oo 100 um, a
anmaza — 0o 300 wm. Bwiseneno dsa muna cmpykmypHuIX COOMHOWEHUN MeENCOY Spaumom,
JIOHCOCUNUMOM U AAMA30M 6 napamopgosax: nepegwitli mun (epHvle, YepHO-cepbie, becysenHvie

u ocenmosamule napamopghossr) — (0001) epaghuma napannenvna (1010) roncoeinuma u (111)

ammasza; emopot mun (morouno-denvie napamopposuvt) — (0001) epaguma naparnenvua (1010)
aoncoeinuma u (112) anmasa. Iepsviii mun napamopgos codepaicum AOHCOCUIUM—ATMAZ—
gpagum unu armaz—noHcoelium, 6mopoi mun napamop@os — npeumyuecmeento aimas. Ilps-
Mot hazosvlil nepexod epagum — aoncoetum uluiu epagum — armas cocmosics 8 napa-
Mmopgoszax nepeoco muna. Ilocredosamenvuviil Gazosviil nepexoo epagpum — IOHCOewIum —
anmasz umen mecmo 6 napamop@oszax emopozo muna. Cmpykmypa napamop@os smozo muna
Hecem XapakmepHwvle NPUSHAKU NEPEKPUCIALTUZAYUU.

Knrouesvie cnosa. npupooHuviil uUMNakmuwlil anozpa@umossvlii aimas, 2pa-
@um, 10HCOeUnim, armasz, MOpGOI02Us NOBEPXHOCHIU, CIMPYKNIYPHBLIL MUN.
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