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The morphology of the growth surface near NaCI(100), formed during the pore motion in a crystal due to the
temperature gradient, has been studied by the electron microscopic method of vacuum decoration. It is shown that at
T =950 K and Au/kT = 4-1073, the profile of the vicinal surface in the <11> direction is represented by monoatomic
steps, while in the <10> direction, as the surface curvature increases, there is a grouping of steps with the formation
of macrosteps — bunches of elementary steps separated by areas of atomically smooth terraces. The sawtooth
dependence of the step density on the longitudinal coordinate is described by a particular solution of the Burgers
equation for a shock wave. Data on the parameters of three shock waves and the time of their formation are

obtained.

INTRODUCTION

It is known that vicinal surfaces during the growth of
crystals from the vapor phase or solutions are subject to
a certain type of morphological instability — bunching of
steps [1-4]. The formation of step bunching is a very
serious problem when growing perfect crystals and
obtaining surfaces that are atomically smooth on a
macroscale [5—-7]. On the other hand, such instabilities
lead to the formation of large-scale nanostructured
surfaces, which can be used to obtain low-dimensional
structures actual for various technological applications
[8-14]. A theoretical description of the nonlinear
processes that result in the development of such kind of
instabilities is very complicated due to a variety of
causes leading to the step bunching in real experimental
conditions  (presence  of  impurities,  surface
electromigration effect, Ehrlich-Schwobel effect, elastic
stress fields, variable macroscopic fields, non-quasi-
static effects, etc.) [15-20]. The current state of research
of step bunching, in particular, induced by electric
currents, is presented in the references given in [21],
where it is shown how the general picture of the process
of bunching depends on the short-range repulsive force
between the steps. It is customary to distinguish
between the step bunching as a result of morphological
instability and as a shock in a kinematic wave, when the
flux of steps is determined only by their local density
[3].

The reference equation describing nonlinear waves
in a dissipative nondispersive medium is the Burgers
equation (BE) [22]. Since dissipation is high-frequency,
its effect is strongest where the wave profile changes
most rapidly, i.e. near its front. For this reason, in wave
theory, a steep and thin wave front at the moment when
the steepening process stops is usually called a shock
wave [3]. It is generally accepted that because the shock
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corresponds to the location of an abrupt change in
density, let us say a transition from high to low density
at a very short length, shock waves are not actual
bunches, but rather their edges. However, if we talk
about stationary shock waves of the BE, it is worth to
introduce the concept of shock wave amplitude as the
difference between the maximum and minimum values
of the wave profile, as well as the characteristic width of
the front — the longitudinal distance at which the
difference in these values occurs. The coefficient u at
the second derivative in the BE is an analogue of
viscosity.

The study of kinematic (“shock”) waves of steps on
crystal surfaces was first carried out by Frank [23], and
by Cabrera and Vermilyea [24], who used the results of
the general analysis of kinematic waves done by
Lighthill and Whitham [25]. Later, it was shown in [26]
that during crystal growth from the vapor phase, the
shock wave is the main result of diffusion interaction of
moving steps and exhibits itself as an edge at which the
slope of the vicinal surface changes sharply. A
characteristic feature of shock waves is the presence of
discontinuities in the step density. The density
discontinuity can arise under a wide variety of
perturbations, if only these perturbations result in areas
on the surface where the density of steps has increased
in absolute value.

It is known that not only dissipation, but also
dispersion are among the factors that can stop the
steepening of a wave and prevent it from overturning. In
the general case, the dynamics of the profile of a
macroscopic curved vicinal surface of a crystal growing
from the vapor phase was studied in [27]. In this work,
expressions for the average values of adatom
concentration and the velocity of elementary steps were
obtained by averaging over large spatial intervals. The
nonlinear Korteweg de Vries-Burgers (KVB) equation
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was obtained from the continuity equation for average
values of the adatom concentration and velocity of the
elementary steps, on the condition that the surface
curvature is phenomenologically considered [3, 28].
This equation describes the nonlinear dynamics of
motion of a train of parallel elementary steps on a
macroscopically curved vicinal crystal surface. In a
particular case, the KVB equation transforms into the
BE, which describes the formation and dynamics of
shock waves.

In [29], particular solutions of the BE with zero
boundary conditions were obtained in an analytical
form. It is shown, in particular, that for a shape
parameter of the initial perturbation greater than one, its
amplitude nonmonotonically depends on the spatial
coordinate. Over time, the shock wave does not form,
and the perturbation amplitude decreases exponentially
and tends to zero. A particular solution for the first
mode was used to describe the configuration of
elementary steps with an orientation near <100>,
formed at the base of the cleavage macrostep during the
growth of a NaCl crystal from the vapor phase. It was
shown that the one-dimensional distribution of the step
concentration adequately reflects the shock wave profile
at the decay stage. At small values of the shape
parameter, particular solutions describe the shock wave
formation from initial periodic perturbations.

In this work, the obtained solutions are used to
describe some experimental results associated with the
formation of shock waves of the elementary step density
during the growth of NaCl single crystals from the
vapor phase.

EXPERIMENTAL PROCEDURE

Reasons for the choice of alkali halide crystals, in
particular NaCl, as objects for the study of kinematic
density waves of elementary steps are described in
detail in [27, 29]. The main argument is the possibility
to exclude practically the causes listed in the
introduction that lead to the bunching of steps as a result
of the “morphological instability” of the vicinal surface.
By studying in these crystals the processes of motion
and transformation of the shape of pores and inclusions
of saturated solution, one can obtain important features
of layer-by-layer mass transfer [30-33]. Varying as the
only external parameter, the temperature between
opposite crystal faces, one can create unique conditions
for  crystallization  (decrystallization) at low
supersaturation, which are very difficult to realize in
traditional growth experiments.

The morphology of the growth (evaporation)
surfaces of NaCl single crystals is well studied. Data on
kinetic and thermodynamic characteristics of layer-by-
layer mass transfer on the vicinal surfaces of these
crystals were obtained in a wide temperature range (see
references in [27]). It was shown that the doubled value
of the linear tension of monatomic height steps is less
than the linear tension of double-height steps, which
indicates the thermodynamic stability of the studied
NaCl(100) vicinal surfaces.

Samples with pores were prepared using the known
technique — healing unfinished crack, which consists of
the following. Rectangular 10x10x3 mm plates were
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cut from the single crystals, and then they were partially
split parallel to the large faces. After that, the crystal
with an unfinished crack was compressed and annealed
under isothermal conditions at the pre-melting
temperature. While annealing the crack was healing and
closed pores of 1...100 um in size, faceted by planes
{100} and with rounded vertices, were forming in its
mouth. All pores were in the same plane, and this
allowed one to follow not only individual pores, but also
entire ensembles using transmission optical microscopy.
The pore motion was in the direction of the
temperature gradient VT coinciding with the crystal
axis <001> [27]. During the motion, the shape of most
pores became more faceted and took the form of
parallelepipeds elongated in the direction perpendicular
to the temperature gradient. This indicated that
evaporation processes, in addition to the front surface,
occurred on the four lateral pore surfaces, and growth
processes occurred on one, i.e. just the back surface.
The samples with pores were split in a vacuum setup
and the opened pore surfaces were examined using the
electron microscopic technique of vacuum decoration.
The pore motion under the temperature gradient
VT in the crystal is caused by the difference in the
chemical potentials Az of molecules on the front and

back surfaces, which is expressed by the ratio Ay =
AHVTZ/T, where AH is the evaporation heat; Z is the
pore linear size in the direction of the gradient. Varying
the value of the temperature gradient, it was possible to
study the processes of evaporation-growth in a wide
range of under- and supersaturation (Au/kT).

Since the growth-evaporation (dissolution) processes
occur in layers in alkali-halide crystals, it is obvious that
layer sources are necessary for the motion of pores
(inclusions of a saturated solution). Such sources for
growth are edges of pores (inclusions). As for
evaporation (dissolution), at low undersaturation, the
only possible layer sources may be the steps formed in
the places where screw dislocations come to the surface
[30-32].

Faceted shapes of pores (liquid inclusions) and an
increase in the degree of shape nonisometry in the
perpendicular direction mean that the limiting process
during the pore (inclusion) motion is the evaporation
(dissolution) of the matrix substance, rather than its
transfer through the pore (inclusion) volume. In the case
of saturated solution inclusions, their unchanged shape
during the motion induced by driving forces of different
nature  (inhomogeneous density  distribution  of
dislocations or radiation defects, see [32, 33] and
references therein) indicates the limiting role of the
diffusion process of the matrix substance through the
inclusion volume. In this case, the difference in the
molecules' chemical potential between the front and
back surfaces will be mostly not near the front surface,
but along the entire inclusion length in the direction of
the driving force.

It is clear that the energy, required to embed
molecules into edges on growing surfaces, is much less
than the energy required to form a critical nucleus on a
screw dislocation. This explains the significant
difference in the morphology of the evaporation and
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growth surfaces within the pores [27, 31]. While the
evaporation surfaces are practically smooth on an
atomic scale, the growth ones can be represented by
trains of steps whose length is comparable to the pore
size. That makes them a unique object for studying the
kinematic waves of elementary step density on vicinal
surfaces of the investigated crystals. Since the
recrystallization of the matrix material occurs inside the
pore, the effect of impurities on the kinetics of
elementary step motion, which takes place in traditional
growth experiments at low supersaturations, is
practically excluded.

EXPERIMENTAL RESULTS

Fig. 1 shows an area of the pore growth surface
formed at low supersaturation. Taking Z =13 um,
AH=3.9-10"J) [34] at VI =1-10"K/m and
T =950 K, we have Au/kT = 4-107%. The motion of the
train of steps with an orientation near <10> selected for
analysis occurs from the pore edge (outside Fig. 1,

above the area in it) in the <01> direction. The

tangential motion of steps results in the overgrowth of
concentric layers and provides the normal displacement
of the surface.

Fig. 1. TEM image of the growth surface near
NaCl(100), formed during the pore motion under the
temperature gradient (linear steps appeared at the

splitting of the crystal in vacuum)

An important feature of the morphology of the
investigated surface is the difference in its profile for
the <10> and <11> directions. In the <11> direction, the
vicinal surface profile is represented by monoatomic
steps, at least up to those surface curvature values at
which the decoration technique still allows to resolve
individual steps. The fact that the steps are monoatomic
can be concluded from the intersections of the step
trains by slip bands [35], which appear when the crystal
is split in vacuum and the pore surfaces are opened.
Whereas in the <10> direction, as the curvature of the
surface increases, the formation of macrosteps is
observed. In this case, by “macrosteps” we mean
bunches of elementary steps, rather than “true steps”
[26], whose thermodynamic stability is determined by
the anisotropy of the surface energy. It was shown
earlier that vicinal surfaces near NaCl(100) are
thermodynamically stable, i.e. the integration of
monoatomic  steps into higher  ones is
thermodynamically unfavorable. There are no effects
that can lead to the formation of thermodynamically
stable macrosteps on these surfaces (see [2] and
references therein). Therefore, we use the term “macro-
step” to name a bunch of elementary steps, which is a
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part of a kinematic wave or a shock wave of step
density [3, 26].

Analysis of the surface morphology in Fig. 1 shows
that such macrosteps are difficult to distinguish from
elementary steps in the decoration patterns. They are
represented by similar chains of decorating gold
particles, the sizes of which vary from 40 to 100 A. The
height a of a monoatomic step is 2.81 A and the number
of elementary steps included in the observed macrosteps
does not exceed one or two dozen. The number of
elementary steps forming a particular macrostep with
the <10> direction can be estimated by the number of
elementary steps branching off from it. To reduce the
error in determining the macrostep heights, the selected
area of the pore surface was digitized in the <01> and
<11> directions. Comparison of the obtained data
allowed a sufficiently reliable reconstruction of the
surface profile in the <01> direction (within 75
elementary steps from the central concentric layer).

The fact that the monoatomic steps do not integrate
to form a “true” macrostep but form a bunch of steps is
also confirmed by direct observations of the
disintegration of steps formed on screw dislocations
with a Burgers vector 2a into two monoatomic ones at
small super-/undersaturation (<10?) [36], i.e. at
conditions when kinetic factors are not so significant.
Therefore, when digitizing the trains of steps in Fig. 2,
the bunch width was determined with an error of the
order of the size of decorating particles. And when
determining the step density in the bunch, we took into
account the width of the adjacent terrace on the side of
the nearest distinguishable step.

A characteristic feature of shock waves described by
the BE particular solutions [29] is a sawtooth profile of
the wave surface. As applied to kinematic density waves
of elementary steps on thermodynamically stable vicinal
surfaces, this means the presence of discontinuities in
step density, accompanied by the formation of relatively
wide atomic-smooth terraces, as well as the
redistribution of elementary steps with the formation of
bunches — macrosteps. Three bunches of steps in Fig. 1,
formed in the immediate vicinity of the pore edge,
satisfy this description.

The dependence of the step concentration
(dimensionless density) averaged over several adjacent
terraces on the longitudinal coordinate in units 4, (see

Fig. 2) was plotted using the step distribution in
bunches, taking into account the width of adjacent
terraces, obtained due to digitization.

DESCRIPTION OF THE EXPERIMENTAL
RESULTS OF NaCl CRYSTAL GROWTH
FROM THE VAPOR PHASE BY THE BE

PARTICULAR SOLUTION

In [29], a particular BE solution with zero boundary
conditions was used for the first time to carry out a
quantitative analysis of the decay of shock waves. In
this work, a particular BE solution with zero boundary
conditions was used to describe the decay of the profile
of a one-dimensional echelon of elementary steps with
an orientation near <100>, which was formed during the
growth of a NaCl single crystal from the vapor phase at
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the base of a macroscopic cleavage step. It is shown that
the distribution of the step concentration with distance
from the initial position of the macrostep adequately
reflects the shock wave profile at the decay stage. The
dimensionless parameters of the shock wave are
determined, and on their basis the estimates of the
characteristic time of its decay are made.

4

[S)
T

Concentration of steps (arb. unit)

0 2IO 4IO éO 80
Longitudinal coordinate x, (arb. unit)

Fig. 2. The structure of the shock waves shown in
Fig. 1: symbols are the experimental values of the
average concentration of steps in the wave (the wave
propagation direction is inverted relative to the step
motion direction); solid lines are the calculation results

based on the particular solution (7) at n=1

To describe the inverse process of shock wave
formation, it is necessary to change the formulation of
the problem in terms of reformatting the boundary
conditions. Since crystal growth occurs from the vapor
phase, a source of adatoms is required. Based on this,
we formulate the problem of crystal growth, using BE to
describe this process.

Let us find the bounded BE solutions |u(x,t)| < c on
the interval 0 <x <L in the time interval 0 <t <ty <oo:

2
a +U a = a—L; (1)
ot OX oX
with boundary conditions:
u(0,t)=0, u(Lt)=A-(t, ~t-f(1)", )

where t,x are the dimensionless time and coordinate,
respectively; >0 is the dimensionless coefficient of
kinematic viscosity of the medium; A>0,t, are
constants, B, < f(t)<B,, is a positive definite
function bounded on both sides. The values of constants
B.ins Brax Will be defined below.

The boundary condition at x=L modelically
describes the source of adatoms that come to the
growing crystal surface from the vapor phase. The
boundedness of the solution |u(x,t)] < o is provided by
the condition |A/(t,-B,,t)|<D that is feasible for

to>Baxt at a finite value of D.

The Cole-Hopf transformation (CH)
u(x,t)=-2u 1 ov(xY) converts the nonlinear
v(x,t) o

equation (1) into a linear heat equation for the function

v(xt):
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ov(xt) :#82v(x,t). @)

ot ox?
The CH transformation imposes a condition on the
functionv(x,t): v(x,t)=0.
As a result of the CH transformation, the boundary
conditions (2) for equation (3) take the form:

V(oY) o av(L,t):Cexp[_ AL J @
ox ox 2u(ty—t- £ (1))
where C is the constant of integration.
Equation (3) has an infinite number of particular
solutions that satisfy the boundary condition (4) for
x=0 [29]:

v, (x,t) = cos(4,x)exp(—Alt), (5)

where 4 =nz/L, n=123,....

Particular solutions (5) are determined up to a
positive constant an and a function

@, (x,t)==%b, (t+x*/2u) , where b, is a positive
constant.
Therefore, new functions of the form:
w, (x,t) = cos(2,x)exp(-uA’t)+

+a, +b, (t+x*/2u)

are also particular solutions of equation (3). It is easy to

verify that solutions (6) satisfy boundary conditions (4).

As a result of the CH transformation we obtain the
particular solutions of the BE:

204, sin( A x)exp(—uA2t)F 2b x
o () = (4,x)exp(—uAlt)F 2b,

(6)

x2\ (1)

cos(A x)exp(—ul’t)+a +b [t+——

( n ) p( ﬂ n ) n n[ Zﬂj
where b, > zA?, a, >b, > /2u+1.

Expression (7) describes an infinite number of BE
particular solutions for different values of the constants.

Let us consider solutions (7) with the lower sign of
the last term of the numerator and denominator. In this
case, there are solutions describing the steepening of the
shock wave profile. Consider such solutions for the
mode n=1 and values of constants:
A=2bl,t,=a —bl?/24-1>0. The function f(t)
in (2) must be specified in the form of

1—exp(—pi’t
f(t)=bl—# ,
b, > max (uA%, 1) is met. The inequality b, > 1 follows
from the condition that the denominator u(L,t) in (2)
tends to zero as t—t,. For the function f(t) we have the
limits of its change: Bpn=b;-x A% and
1—exp(—pA’t
B p( HA o) <b,.
t0

The condition b; > max (uA3 , 1) is fulfilled if we

put, for example, b, =1+ uA] (1—e””12), as by > 1 at

when the condition

B, =D,

max

uA? << 1, and by > pA? at uA? > 1. Based on this
assumption, let us determine the characteristic time of
shock wave formation.
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The characteristic time of shock wave formation is
estimated from the value of the time when the
denominator (7) tends to zero, but the amplitude of the
disturbance is limited by the condition of the BE
applicability. The denominator feature arises for x = L
and characteristic “explosion” time may be determined
from the equation:

&=—In(1-(1-exp(=¢))¢ ™), ®)
where &= A}, & = udlt,.

It is easy to see that equation (8) has a simple
solution: uA? =1, t,= 1. At critical points from (8) we
have: at £ — 0 the value & tends to infinity & — oo at
¢ — oo the value £ tendsto zero £ —0.

From (8) we can determine the characteristic
“explosion” time via the parameter ¢ :

t, = —g“[ln (1—(1—exp(—§))§‘1)]71. 9)

Using (9), it is possible to determine graphically the
dependence of the “explosion” time on the parameter

122 (Fig. 3).

100 \

—
o

"Explosion" time, £

Wil

0.01

0.1 1 10

HA
Fig. 3. The dependence of the “explosion” time
on the parameter uA’

From Fig. 3 it follows that with an increase of wave
period, the “explosion” time increases. The “explosion”
time also increases with decrease in the coefficient of
kinematic viscosity of the medium at a constant wave
period.

The characteristic “explosion” time of shock wave
will be determined on the basis of the experimental data
presented below.

The obtained experimental data were processed
according to the method previously used to describe the
shock wave decay during the growth of a NaCl single
crystal from the vapor phase [29]. Estimates of the
coefficient x4 [27] taking into account the equilibrium
concentration of admolecules on atomic-smooth areas of
the surface & ~ 10°® (according to the data in [34]) with
a known value of Js = 3.37-10° m [27] and the average

value ,;0/1S ~ 0.8, obtained by digitization, showed that
w~1latq~0.1 (pols). Exactly of such order is the value
of the parameter v~q/(pos) [29], if we take

q~1/2 L, where L is the average value of the half-
width of the wave front in Fig. 2.

Using the software products Wolfram Mathematica
and Mathcad, the experimental dependences of the steps
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concentration of shock waves on their coordinates were
approximated by theoretical dependences at x = 1.19.
Parameters of three shock waves (Table) were obtained
as a result of processing the experimental data of Fig. 2
on the basis of expression (7) at n=1.

The following features of the shock waves under
study are noteworthy. First, their formation occurs for
the <10> directions and is not observed in the <11>
directions, which allows us to determine the number of
elementary steps included in each wave: 18, 14, and 10,
respectively. This distinction of the surface profiles can
be due to both the difference in the nature of the
thermodynamic interaction between the steps in the
indicated directions [36], and the difference in the
diffusion-kinetic interaction. Indeed, as the step
orientation deviates from the direction of close packing,
the concentration of kinks on the step increases
significantly, reaching a maximum for the orientations
<11>. Consequently, the Kkinetic coefficients,
characterizing the rate of admolecule incorporation into
the <11> steps, are much greater than the kinetic
coefficients of the <10> steps.

Parameters of the shock waves in Fig. 2

No. | P L a b, t
1 | 0669 | 9.90 63 1.12 4.0
2 0.750 6.58 80 1.27 2.0
3 1111 2.78 130 2.53 0.3

Second, macrosteps, i.e. bunches of elementary
steps, are formed under the condition that the average
(initial) width of the terraces does not exceeds 24, i.e.
diffusion fields on the terraces of adjacent steps overlap.
As the degree of overlap increases, the width of the
wave front and the time of its formation decrease.
Meanwhile, since the number of steps involved in the
wave formation decreases, the wave amplitudes differ
slightly.

The faster formation of waves as they approach the
pore edge and the steepening of their profile are caused
by an increase in the average local curvature of the
macroscopic surface as it approaches the edge of the
pore. At that, both the intensity of diffusion interaction
of the steps and the intensity of their thermodynamic
interaction increase [36].

The obtained value of the coefficient x, as well as
the parameters a;,b; and the front half-width L, allow us
to estimate the characteristic “explosion” time t, on the
basis of relation (8), (9). The experimental values of
“explosion” time for shock waves 1, 2, 3 t.,, are shown
in Table and less than t,.

CONCLUSIONS

The paper presents the results made by electron
microscopy observations of the kinematic waves of
elementary step density on the vicinal growth surface
near NaCl(100), formed during the motion of the pores
in the crystal under the temperature gradient. It is shown
that for the studied growth conditions (T =950 K and
Au/kT =4-10°) the surface topography differs
significantly for the <10> and <11> directions. In the
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<11> direction, the vicinal surface profile is represented
by monoatomic steps. Whereas in the <10> direction, as
the surface curvature increases, there is a bunching of
steps with the formation of macrosteps, i.e. bunches of
elementary steps separated by broad areas of atomic-
smooth terraces. Such a sawtooth form of the step
density dependence on the longitudinal coordinate is
characteristic of the shock waves described by the
previously obtained particular solutions of the BE with
zero boundary conditions [29]. Using the BE particular
solution for the first mode and the corresponding values
of the problem parameters to interpret the
experimentally obtained concentration distribution
(dimensionless density) of the steps, we obtained the
data on the parameters of three shock waves. The values
of the formation time of the observed shock waves were
obtained. It was shown that with an increase in the local
surface curvature and, consequently, the intensity of the
diffusion-kinetic (and thermodynamic) interaction of
elementary steps, the time of wave formation decreased.
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®OPMHUPOBAHUE YJAPHBIX BOJIH INIOTHOCTHU CTYIIEHEN
HA BUHMHAJIBHBIX TIOBEPXHOCTSX POCTA NaCl(100)

Al Kynuk, O.B. Iloowusanosa, O.J1. Andpeesa, B.H. Tkauenxo, B.A. I'namiok, T. Aoxu

ONEeKTPOHHO-MHUKPOCKOIIMYECKAM ~ METOJOM  BaKyyMHOT'O  JEKOPHUPOBAHHS  HCCIEAOBaHA  MOPQOIOTHA
moBepxHOcTH pocTta BOMu3u NaCl(100), chopmupoBapiieiicss mpu ABIDKEHIH TOPH B KPHUCTAIUIE TOA JACHCTBHEM
rpagrenTa Temiepatypbl. Ilokasano, uro mpu T =950 K n Au/kT = 4-10°° npoduiis BUIMHANBHOI TTOBEPXHOCTH B
HampasieHun <11> mpencraBlieH MOHOaTOMHBIMH CTYICHSMH, TOT/a Kak B HampamieHnn <l0>, mo wmepe
YBEJIMUYECHUS] KPUBHU3HBI TIOBEPXHOCTH, HAOJIOAETCs TPYIIIIMPOBAaHNE CTYIEHEH ¢ 00pa3oBaHNEM MaKpOCTyNeHeH —
CT'YCTKOB JIEMEHTApPHBIX CTYyNEHEH, pa3/elIeHHBIX YYacTKaMH aTOMHO-TJIaAKMX Teppac. I[InmoobGpasnas
3aBUCHMOCTh IUIOTHOCTH CTYIEHEeH OT NpOJOJIbHONW KOOPJIMHATHI OINMCAaHa YaCTHBIM pEIIeHHEM YpaBHEHUS
broprepca anst ynapHoit BonHbl. [losydeHsl JaHHBIE O mMapamMerpax TpPeX YAApHBIX BOJH M BPEMEHH HX
(dbopMupoBaHusL.

®OPMYBAHHS YJIAPHUX XBWJIb I'YCTUHU CXOJIWH
HA BINNMHAJIBHUX ITOBEPXHAX POCTY NaCl(100)

O.11. Kynuk, O.B. Iloowueanoea, O.J1. Andpecsa, B.1. Tkauenxo, B.A. 'nammwk, T. Aoki

EnexTpoHHO-MIKPOCKOIIIYHIM METOJIOM BaKyyMHOTO JEKOPYBaHHS JOCHIIPKeHAa MOpP(OJIOTis MOBEPXHI pOCTY
mobmm3y NaCl(100), mo chopmyBamacs min 49ac pyxXy MOpPH B KpPUCTali M Ii€l0 Tpaai€HTa TeMIepaTypH.
Iokazano, mo npu T = 950 K i Au/kT = 410" npodins BitmHansHOT MoBepxHi B HanpsMKy <l 1> npejcraBieHmii
MOHOQTOMHHMH CXOIMHKaMH, TOII AK y HampsaMmky <10>, 3i 30UTbIIEHHSIM KPHBH3HH TIOBEPXHi, CIIOCTEPIraeThCs
TPYIYBaHHS CXOJMHOK 3 YTBOPEHHSM MaKpOCXOJMH — 3TYCTKIB €JIEMEHTAPHUX CXOJUHOK, PO3JIUICHUX IUISTHKAMHU
ATOMHO-TJIAJIKUX Tepac. [InnkomoniOHa 3aleXHICTh T'yCTHMHH CXOJHMH BiJl MO3JOBXHBOI KOOPAWHATH OIHMCaHA
YaCTUHHHMM DPO3B’S3KOM piBHAHHS Broprepca mns ymapHoi xBmiai. OTpIMaHO JIaHi Mpo MapaMeTpu TPHOX YIAapHHX
XBWJIb 1 9ac ix popMyBaHHSI.
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