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INTRODUCTION

The crystallization of a real crystal is a unified
process of formation of a crystalline matrix and a sys�
tem of its defects. This process occurs so that the
result is a three�dimensional periodic structure.
Under appropriate conditions, a growing face is par�
allel to the nodal net plane (hkl). The three�dimen�
sional periodicity gives rise to 230 space groups  of
crystal symmetry. These crystallization properties are
independent of the chemical composition of crystal
and are systematic. The dependence of structure on
the chemical composition and growth conditions is
reflected in the realization of one out of 230 groups of
spatial symmetry. These geometric crystallographic
positions lie in the basis of the diffraction methods
for studying crystal structure [1], crystal growth the�
ory [2–4], and an analysis of point defects and fea�
tures of their distribution over subsystems of regular
systems of points [5].

Electron spin resonance (ESR) revealed that dis�
symmetrization is due to the nonequivalent formation
of positions on a growing face that are equivalent in the
crystal structure. A theoretical�group analysis of dis�
symmetrization was developed in [5, 6] on the basis of
point crystallographic groups GC. When analyzing dis�
symmetrization at the level of point groups, it is
assumed that the equivalent formation of equivalent

q
CG

structural positions occurs on a growth step oriented
perpendicularly to the symmetry plane of the crystal
point group. It is neglected that the symmetry plane
can be a plane of grazing reflection and, as a conse�
quence, the dependence of the structure dissymmetri�
zation on the symbol (hkl) of the growing face is also
disregarded.

Deriving the rules for the equivalent formation of
positions during growth using elements of space group
symmetry makes repeated analyses of specific struc�
tures unnecessary and allows one to tabulate results for
each space group.

The purpose of this study was to analyze crystal
growth using symmetry elements of the structure
space group. The following stages of the investigation
are selected: analysis of the equivalent formation of
systems of translationally equivalent points of one
regular system of points during crystal growth, a
study of dissymmetrization in barite (BaSO4) single
crystals (based on the ESR spectra of intrinsic para�
magnetic centers), and a comparison of the results of
an analysis of the growth processes and the experi�
mental study of barite. Barite was chosen as an object
of study because its growth features have been reli�
ably established [7].
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EQUIVALENT FORMATION OF A SYSTEM 
OF TRANSLATIONALLY EQUIVALENT 
POINTS OF ONE REGULAR SYSTEM 

OF POINTS DURING CRYSTAL GROWTH

There are two main mechanisms of crystal growth:
normal and layer�by�layer [3, 8].

(i) Under normal growth conditions, particle
adhesion to atomic�rough surfaces occurs at any site;
from the macroscopic point of view [8], the surface
shifts along the normal to itself at each point during
growth. The distribution of point defects over a system
of translationally equivalent points (STEP) in a system
of regular points correspond to face symmetry group;
this circumstance allows one to investigate the forma�
tion of equivalent positions using a point symmetry
group.

(ii) In the case of layer�by�layer growth, it is neces�
sary to separately investigate the formation of systems
of translationally equivalent positions relative to the
symmetry planes and axes of the structure.

One important element of the growing�crystal face
is a kink. The attachment of a new particle to a kink
does not change the number of uncompensated bonds
or the surface energy; i.e., the initial surface configu�
ration is reproduced (see p. 21 in [8]). The work done
to transfer a particle from some other positions on the
surface to the growth medium is not equal to the
chemical potential difference, since the surface energy
changes in this case. Therefore, the attachment of new
particles to a kink means crystal growth.

The propagation of a growth step due to the depo�
sition of material should be a periodical process,
reflecting a sequence of equivalent positions of the
step structure and kink, as well as the growing�face
structure. There are two forms of equivalence for the
layer configuration during the deposition of material:
translational and orientational.

In this paper we report the results of studying the
orientational equivalence of the growing surface con�
figuration. The orientational equivalence of a growing
surface is determined by the symmetry elements of the
(hkl) face onto which material is deposited. The ele�

ments of face symmetry are the elements of structure
symmetry that are oriented perpendicularly to faces.
Such are symmetry planes and axes.

Crystal growth is in essence the formation of crystal
structure and its symmetry elements. The formation of
structures with screw axes and planes of grazing reflec�
tion (symmetry elements with conjugate parallel
translations σ ≠ t, where t is a lattice vector) signifi�
cantly differs from the formation of structures with
symmetry axes and planes without conjugate vectors σ
[2], and the formation of screw axes differs from the
formation of grazing reflection planes.

The only symmetry element that allows for the
transformation of the step and face of a growing layer
into the equivalent position is the structure symmetry
plane if it is oriented perpendicularly to the face and its
growth step.

We assume that the growth layer height is equal to
the interplanar spacing dhkl. Let us consider the equiv�
alent formation of positions on the growth layer step
with respect to the symmetry plane of the layer struc�

ture by the example of the sp. gr.  of barite.
There are three types of symmetry planes in the struc�
ture: n, m, and a. Let us consider each type of planes
separately.

Grazing�reflection plane of the a type. In the 
system, the symmetry operation with respect to the a
plane has the form a = (mz, a/2); it includes mz (reflec�
tion with respect to the plane oriented perpendicularly
to the z crystallographic axis) and a/2 (subsequent par�
allel translation after the reflection, i.e., conjugate
with mz). Infinite STEP (STEP1), which is geometri�
cally represented by a space lattice, is formed when an
arbitrary point (Fig. 1a, white circle) of crystal space is
multiplied by parallel translations of group P. The
reflection of STEP1 with respect to the a plane gener�
ates STEP2 (Fig. 1a, shaded circles).

We will determine the condition of equivalent for�
mation of STEP1 and STEP2 points on a growing face.
Let the growing face be parallel to a plane belonging to
the (hkl)�type nodal net, i.e., be perpendicular to the
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Fig. 1. Points that are symmetrically equivalent with respect to planes of types (a) a: location in the (hk0) planes, h = 2n, n is an
arbitrary integer, and (c) n: location in the (0kl) planes, k + l = 2n; panel (b) shows a periodical change in the kink motion direc�
tion when a step passes from one equivalent position to another.
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reciprocal lattice vector Hhkl = h · a* + k · b* + l · c*.
According to the principle of reconstruction of equiv�
alent spatial configurations of the crystal surface dur�
ing growth, the growing face should be perpendicular
to a symmetry plane of type a; i.e., Hhkl ⊥ c or the sca�
lar product (Hhkl ·c) of the vectors Hhkl and c must be
zero: (Hhkl · c) = 0. Since (Hhkl · c) = l, l = 0. Thus,
l = 0 is the condition of mutual perpendicularity of the
growing face and symmetry plane.

The (hk0) planes of nodal nets divide the periods a
and b into h and k equal parts, respectively, i.e., into
segments equal to a/h and b/k. If h = 2n (n is an inte�
ger), the lengths of segments along the a axis are
a/(2n) = (a/2)/n, i.e., planes of nodal nets divide both
a and a/2 into equal parts. This means that the planes
of the (hk0) type contain both STEP1 and STEP2 at
h = 2n.

The period t of the (hk0) face, oriented perpendic�
ularly to the [001] axis, is t = V/(c · dhk0), where V is the
Bravais cell volume and dhk0 is the interplanar spacing
(Fig. 1b). The kink motion should change with a step
t/2 of the step propagation. For barite, such faces are
x (230), m (210), λ (410), and b (010) (Fig. 1b).

Thus, one can conclude that, when material is
deposited during growth on an (hk0)�type face (h = 2n),
positions are formed pairwise equivalent to the a plane
if the growth step is perpendicular to this plane. This is
also valid at h = 0.

Plane of the n type. The symmetry operation with
respect to the n plane has the form n = (mx, (b + c)/2),
where mx is a reflection of a point with respect to the
(100) plane and (b + c)/2 is a subsequent parallel
translation, conjugate with mx. The planes of nodal
nets oriented perpendicularly to the n plane have the
indices (0kl). If the point О is multiplied in space using
a group of parallel translations, we obtain STEP1

(Fig. 1c, white points). The action of a plane of the
n = (mx, (b + c)/2) type on STEP1 generates STEP2

(Fig. 1c, shaded points). STEP1 and STEP2 are orien�
tationally equivalent systems, which are geometrically
represented by the corresponding equivalent space
lattices, shifted after the mx reflection by the vector
(b + c)/2 with respect to each other.

Each equivalent space lattice can be presented as a
system of parallel planes of nodal nets (0kl) (Fig. 1c).
To make sites of these two lattices lie in the same
plane, the systems of planes of nodal nets (0kl) corre�
sponding to STEP1 and STEP2 must coincide. This
occurs when planes divide the vector (b + c)/2 into n
equal parts.

The equation of a net plane with indices (0kl), clos�
est to the origin of coordinates, has the form k · y/b +
l · z/c = 1. For the plane with the number n, containing
a point specified by the vector (b + c)/2, this equation
will take the form k · y/b + l · z/c = n. Using the coor�
dinates у = b/2 and z = c/2 of the point, the latter
equation can be written in the form of equality

(k + l)/2 = n or (k + l) = 2n. Such are the o (011) faces;
more rare ones are Ω (031) and j (035).

Thus, we can conclude that the points equivalent
with respect to a plane of the n = (mx, (b + c)/2) type
are formed pairwise and equivalently during the depo�
sition of material on the faces (0kl) under the condi�
tion (k + l) = 2n; the growth step is directed along
[100].

The plane of the m = (my, 0) type includes the reflec�
tion my with respect to the (010) plane. The vector
conjugate with the my plane is zero in modulus
(mod P). The points that are equivalent with respect to
the m plane are formed equivalently during the depo�
sition of material if the growing face (h0l) and its
growth step are perpendicular to the m�type plane;
limitations are not imposed on the indices h and l.
Such are the a (100), w (103), l (102), d (101), and
u (201) faces.

GROWTH FEATURES OF ORIENTATIONALLY 
EQUIVALENT LAYERS OF SYMMETRY AXES

Let us consider a system of points that are equiva�
lent with respect to the screw axis 21z = (2z, c/2). The
symmetry operation includes rotation 2z and conju�
gate parallel translation с/2. STEP1 and STEP2 are
transformed into each other (Fig. 2). It is known that
layers 1 and 2 of thickness с/2 can grow separately [7].
In barite, these layers propagate successively in the
opposite directions (Fig. 2)

Equivalent positions are located in neighboring
layers of thickness с/2. They are equivalently formed
under the condition that each surface layer с/2 =
d001/2 grows separately, being imposed on the previous
layer and having an opposite propagation direction

The equivalence of points with respect to 21z is vio�
lated when the growing�layer height is equal to an
integer number of interplanar spacings d001. The grow�
ing layer includes a system of layers with thickness
d001/2 that grow “well” and “poorly” in this direction.
The system of layers with preferred propagation direc�
tion forms conditions for the growth of a system of lay�
ers that grow poorly in this direction [8].

21z

c

c/2 layer 2

c/2 layer 1

Fig. 2. System of points equivalent with respect to the
screw axis 21z; STEP1 and STEP2 (white and black circles,
respectively) belong to equivalent layers of thickness с/2.
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It was experimentally established for barite [7] that
the layers equivalent with respect to the screw axis 21z,
having their preferred growth directions, may be gen�
eralized for any screw axis пs, where n is an order of the
symmetry axis, s is an integer, and 1 ≤ s ≤ n. If t is the
shortest lattice vector along the symmetry axis of
order n, the vector σns, conjugate with the пs axis, is
σns = (s/n) · t. The number and thickness of layers
equivalent with respect to the пs axis are n' = n/D and
t/n', where D is the largest general divider of the num�
bers n and s. We assume that the upper layer is the layer
of thickness t/n', the preferred growth of which is
facilitated by this growth�step propagation direction.
If the growth step has some other equivalent propaga�
tion direction, the upper layer will be that which is
facilitated by this equivalent growth step. Each equiv�
alent step propagation direction corresponds to a layer
of thickness t/n' equivalent with respect to the screw
axis пs. Equivalent layers of thickness t/n' and the cor�
responding favorable equivalent step propagation
directions are determined by the same screw axis пs.
The interfaces of these regions of material deposition
can be found from the rearrangement of the intensities
of conjugate ESR spectra of the samples selected from
these equivalent growth regions.

In the case of sp. gr. , the central sym�
metry of ESR spectra does not make it possible to dif�
ferentially record spectra of paramagnetic centers of
both layers with a thickness c/2 linked by the screw
axis 21z. These layers are transformed into each other
via the inversion center of the barite structure under
consideration. The layer with thickness c/2 includes
structural units (equivalent with respect to the 21x axis)
of the a� and m�type planes. When a growth pyramid
of the (001) face is formed during the deposition of
material on steps oriented perpendicularly to the sym�
metry planes m, systems of translationally equivalent
points (equivalent with respect to the a�type plane) are
formed nonequivalently. This nonequivalence causes
dissymmetrization in the layer with thickness c/2; it
should be reflected in the ESR spectra of centers with
the magnetic multiplicities K

αM = 2 and K
αM = 4.

ESR IN BARITE SINGLE CRYSTAL

ESR spectra of barite single crystals were investi�
gated in [9]. The presence of the following paramag�

netic centers was established: ,  (I),  (II),

,  (I) + Y3+,  (II) + Y3+, , O– (I), O– (II),

O– (III), and . The latter three centers were stud�
ied at 77 and the others were analyzed at 300 K. All

centers, except , exhibit ESR spectra with a mul�
tiplicity K

αM = 2, i.e., occupy positions of type 4(с)

with the symmetry group  = . The ESR spectrum
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of the  center has a multiplicity K
αM = 4, which

corresponds to the position of 8(d) type with = . 
In this study the ESR spectra of a barite single crys�

tal were studied on a PS�100X spectrometer (Belarus�
sian State University, Minsk) with the resonant fre�
quency ν = 9.139 GHz at room temperature. This
instrument, unlike that used in [9], has a higher sensi�
tivity and is equipped with a Hall probe.

The crystal shape is specified by the {210} prism
and {001} pinacoid. The crystal orientation in a mag�
netic field was set and corrected according to the
superposition schemes of ESR spectra [10], which are
determined by the position group  of the paramag�
netic center and the point symmetry group GC of the

crystal; sp. gr.  allows four types of posi�
tions: 8d –  = , 4с –  = , 4b – , and
4a –  [1], which are characterized, respectively, by
the magnetic multiplicities K

αM (d) = 4, K
αM (c) = 2,

K
αM (b) = 4, and K

αM (a) = 4. The structural Ba2+, S6+,

, and  ions occupy positions of the 4c type, cor�
responding to the ESR spectra with K

αM (с) = 2, while

the  and  ions occupy the 8d positions, which
correspond to the spectra with .

The ESR spectra of the barite sample under study
had K

αM = 2 and K
αM = 4. The magnetic multiplicity

K
αM = 2 corresponds to one type of positions, 4с, while

the multiplicity K
αM = 4 corresponds to three types of

positions: 8d, 4b, and 4a. The ESR spectrum with
K
αM = 2 should have an isolated axis parallel to [010],

while the other two transition axes must lie in the (010)
plane. For the spectrum with K

αM = 4, the transition
axes have a skew orientation with respect to the crystal
symmetry elements.

The conjugate spectra with K
αM = 2 at H || (100)

and (001) merge pairwise but are observed separately
at H || (010). The conjugate spectra with 
merge pairwise into one spectrum when the external�
field vector H is parallel to any of three planes: (100),
(010), or (001)

The angular dependences of the ESR spectra at
H || (100), (010), and (001) were studied to determine
the parameters of the spin Hamiltonian (SH) of para�
magnetic centers and the type of crystal dissymmetri�
zation (Fig. 3).

The barite crystal under study differs from that
described in [9] by the existence of two additional

spectra with K
αM = 4 from the  (I) and  (II)

centers and one spectrum with K
αM = 2 from the

(IV) centers (Fig. 3). The spectra are described by
the SH in the form [11]

Н = βŜ gН, S = 1/2, . (1)

The spectrum of  (IV) with K
αM = 2 is charac�

terized by the following principal values of the g ten�
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sor: 2.0107, 2.0124, and 2.0097 (Fig. 3). The principal
axis with the value of 2.0097 is parallel to the [010]
axis, while the principal axis with 2.0124 makes an
angle of 47.7° with the [001] axis. This hole center is
characterized by a low anisotropy of the g tensor. Cen�
ters of this type were observed previously [9] in anhy�

drite and celestine single crystals. The  center in
anhydrite was interpreted more reliably. Its spectrum is
characterized by an isotropic hyperfine structure
(Aiso = 28.5 G), which is responsible for the interaction
with the nuclear spin I = 1/2, and the following prin�
cipal values of the g tensor: 2.0160, 2.0126, and 2.0095.

By analogy with , this center in barite can be

attributed to the isoelectronic hole center  (IV) in
the regions of the isovalent substitution of Ba2+ ions
with such impurity ions as Ca2+ and Sr2+.

DISCUSSION AND CONCLUSIONS

The paramagnetic centers , ,and  (IV)
in the crystal under study have a magnetic multiplicity
K
αM = 2, and their conjugate spectra have equal inten�

sities. The equality of intensities suggests that they are
located in the growth pyramid of (hk0)�type faces with
h = 2n. In the barite crystal under consideration, the
developed faces of the {210} orthorhombic prism
belong to this type.

The paramagnetic centers  (I) and  (II)
have a magnetic multiplicity K

αM = 4; according to the
principal values of the g tensor, they correspond to tet�
rahedral complexes and occupy general�type positions

8d in the structure. The  (I) and  (II) centers
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are  tetrahedra with a deficit of one electron in the
domain of formation of V1 and V2 vacancies of Ba2+

ions (Fig. 4). The decrease in the symmetry of the tet�
rahedral position from Сs to С1 is caused by the fact

that Ba2+ vacancies and the corresponding centers are
located in adjacent symmetry planes of the structure.

With respect to the  tetrahedron, there are two
Ba2+ ions in the adjacent symmetry plane: one at dis�
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Fig. 3. Angular dependences of the (circles) and experimental (line) calculated values Н of the magnetic field for the ESR spectral
lines in three orthogonal planes of barite crystal. The dotted lines select disymmetrized centers in the (010) plane.
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Fig. 4. Projection of barite structure on the (010) plane,
where V1, V2 are Ba2+ ion vacancies; [SiO4] tetrahedra
with vertices (I, II, III, IV) and Ba2+ ions (1, 2, and 3) are
selected. Lines of cleavage planes are drawn.
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tances of 2.81 and 3.32 Å from the tetrahedron vertices
(III, I) and the other at distances of 3.07 and 2.82Å
from the tetrahedron vertices (II, III) (Fig. 4). In
accordance with the vacancies of these ions, two ESR

spectra of  (I) and  (II) centers are observed.

The principal axis with g = 2.0275 of the  (I) center
makes angles of 97.38°, 35.26°, and 55.75° with the a,
b, and c axes, respectively (table). Its direction practi�
cally coincides with that of the S–OIII bond, which has
direction angles of 95.80°, 36.07°, and 54.55° and is
tilted with respect to the symmetry plane of the struc�

tural tetrahedron. In this case,  (I) is represented
by the vacancy V1 of the Ba2+ ion (Fig. 4).

The principal axis with g = 2.0065 of the  (II)
center, which makes angles of 43.34°, 74.55°, and
50.76° with the a, b, and c axes, respectively (table), is
close to the S–OII bond (direction angles 43.32°, 90°,
and 46.68°) of the structural tetrahedron. In this case,

the charge compensator for the  (II) center is rep�
resented by the vacancy V2 of the Ba2+ ion (Fig. 4).
The deviation of the principal axis of the g tensor from
the symmetry plane by an angle of 15.45° is caused by
the repulsion of oxygen ions in the vicinity of the Ba2+

vacancy.

In the ESR spectra of  (I) and  (II), dis�
symmetrization is accompanied by a lowering of the
tetrahedral position symmetry. In this case, Ba2+

vacancies and paramagnetic centers of the  type
are located in one layer of thickness с/2. The presence
of dissymmetrization indicates the absence of transla�
tional diffusion of both barium ions and sulfate groups
in this layer.

Previously, dissymmetrization in barites was also
observed in the ESR spectra of the hole center O– (III)
with K

αM = 2, i.e., when the Ba2+ vacancy does not
lower the symmetry of the tetrahedral position [9].
One specific feature of this center is that its magneto�
conjugate spectra differ in intensity. The intensity ratio
of the magneto�conjugate spectra changes from sam�
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SO4
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SO4
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ple to sample in the range of (1 : 1)–(1 : 10). The O–

(III) center is characterized by the principal values of
the g tensor gxx = 2.0685, gyy = 2.0086, and gzz = 1.9997
and the anisotropic superfine structure due to the
135Ba and 137Ba isotope.

This center can be presented as a paramagnetic tet�

rahedron  (III) in the vicinity of the Ba2+ vacancy.
The principal axis with gzz = 1.9997 makes an angle of
47° with the [001] direction in the crystal and almost
coincides with the S–OII bond in the tetrahedron,
which makes an angle of 46.69° with the [001] direc�
tion. All three Ba2+ ions (1, 2, and 3 in Fig. 4) around

the  tetrahedron, which are located in its local
symmetry plane, belong to adjacent equivalent layers
with a thickness с/2. Accordingly, the paramagnetic

center  (III) and the compensating vacancy Ba2+

are located in adjacent equivalent layers of height с/2
and are formed in the growth pyramids of the (001)
face during the deposition of material on the steps ori�
ented perpendicularly to the symmetry plane m. The
disymmetrized distribution of defects with K

αM = 2
over the system of translationally equivalent points
suggests the absence of translational diffusion of bar�

ium ions and  groups between layers of thickness
с/2, which causes the uniform distribution of point
defects in a regular system of points.

Note that the conditions of the equivalent forma�
tion of positions on the (hkl) face of the growing crys�
tal coincide with those for the reflection of diffracted
beams caused by the symmetry elements of the crystal
structure [1, 12]. The introduction of symmetry ele�
ments of space groups makes it possible to specify the
distribution regularities for impurity ions and point
defects, which are caused by growth processes, as well
as the dynamics processes in crystal structural units.
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2.0033 98.64° 36.60° 125.24° 2.0065 43.34° 50.76° 74.55°

2.0275 97.38° 55.75° 35.26° 2.0021 76.56° 126.31° 39.51°

SO3
−

SO2
− SO4

− SO4
−

SO3
–

SO2
–

SO4
–

SO4
–
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