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Summarizing the experimental and theoretical trends observed on the changes in surface microstructure and
topography resulting from surface energy anisotropy for the low-index crystal surfaces of the polycrystalline bcc
tungsten under sputtering is done. A brief summary of the most closely related work is included. The experimental
results have been discussed in the framework of the various theoretical methods. Emphasis was placed on the
problems which are existing up to now. It is shown that the absence of a common trend in the ordering of the (100),
(110), and (111) surface energies amongst the various theoretical models is a problem yet to be satisfactorily
discussed. It is shown experimentally that for polycrystalline textured tungsten (bcc metal), the order of the three

low-index surface energies is y(111) > Y(100) > Y(110)-
PACS: 79.20.Rf, 68.35.Ct, 65.40.gp

INTRODUCTION AND MOTIVATION

Over the past few years, there have been many of
manuscripts published reporting different aspects of
sputtering. In particular, surface sputtering was used as
an instrument for studying the surface energy of the
low-index crystal surfaces of the polycrystalline
tungsten. The purpose of this article is to summarize the
experimental and theoretical trends observed when bcc
tungsten is exposed to an energetic ion beam.

Tungsten (W) is a body-centered-cubic (bcc) metal
with very high melting point (3695 K) and high density
(19.35 g/cm®) [1]. Due to its unique properties, W and
its alloys have been applied in many fields, such as
lighting engineering, electronics industry, aerospace and
military field, medical and especially nuclear field. In
order to meet various applications, different
microstructures, thermomechanical properties, and
textures are desired to be obtained. For example, recent
literature indicated that W grains with certain
crystallographic  orientation  exhibited  excellent
irradiation resistance under deuterium (D), helium (He)
and other ions sputtering. In this context, understanding
nature and value of surface energy need to be
recognized as an important challenge.

Surface energy is defined as the surface excess free
energy per unit area of a particular crystal facet and is
one of the basic quantities in surface physics. It
determines the equilibrium shape of crystals and plays
an important role in faceting, roughening, crystal
growth phenomena and more. The lack of direct
experimental data leads to a number of different
numerical methods for modeling surface energy.

In recent years, there have been many calculations of
the surface energy of bcc metals either from first-
principles or by semi-empirical methods. A brief
summary of the most closely related work is included in
[2] (and in references therein). All of these methods are
mathematically similar and have in common the
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attribute that the interaction between two atoms depends
upon their local environment. It is mainly this fact that
accounts for the huge successes that these methods have
had in predicting effects at metallic surfaces where the
atomic environment is significantly different from the
bulk. The theoretical problem of calculating the surface
energies of bcc metals is still to be satisfactorily solved.
The differences in the results obtained by the several
theoretical methods are not yet small enough for us to
begin to think that the different calculations have
converged. In particular, up today the absence of a
common trend in the ordering of the (100), (110), and
(111) bcec metals surface energies amongst the various
theoretical models is a problem yet to be satisfactorily
discussed. Some authors support the trend
Ya10) < Yaoo) < Yau1), but the others — the other trend
Ya10) < Yai < Yaoo)- Thus, the problem is open now.

The purpose of this article is to summarize the
experimental and theoretical trends observed on the
changes in surface microstructure and topography
resulting from surface energy anisotropy for the low-
index crystal surfaces of the polycrystalline bcc
tungsten under sputtering. A brief summary of the most
closely related work is included here. The experimental
results are discussed in the framework of the various
theoretical methods. Emphasis is placed on the
problems which exist now.

1. EXPERIMENTALLY MEASURED
SPUTTERING YIELDS AND SURFACE
ENERGY OF BCC TUNGSTEN

Tungsten has been considered to be a potential
candidate for the first wall material in a fusion reactor
due to its unique physical and electrochemical
properties including high thermal conductivity, low
evaporation rate, very low sputtering yield, and high
melting temperature [3]. First wall materials in a fusion
reactor will be subjected to radiation from X-rays and
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neutrons, and significant ion fluxes with different types,
energies, and intensities. The energy of ion fluxes is
normally from several eV to 10’s of MeV range [4]. In a
D-T fusion reactor, neutrons and energetic ions such as
tritium (T) and deuterium (D) particles impinge on
tungsten, which induces a huge number of irradiation
defects. This will thus influence the first wall properties
and performance such as thermal conductivity and
mechanical properties [5].

Low energy ions may cause significant surface
erosion due to sputtering. It is important to gain
knowledge of the microstructure evolution under
irradiation of various energetic particles in order to
predict the in-service behavior of tungsten components
in a fusion reactor. The degree of irradiation damage of
a target material including surface sputtering is
dependent not only on the in-service irradiation
environment but also the material characteristics such as
crystal structure, surface roughness and so on. There are
a huge database and well-established general models for
the dependence of sputter yield on ion energy and
incident ion angle. Although there have been also many
reports on irradiation damage of tungsten in the
literature [6-9], the effect of crystal orientation on the
behavior of tungsten surface under energetic particle
bombardment has not been fully investigated.

Optical diagnostics are an essential part of
diagnostic systems of current and future fusion devices.
In ITER and DEMO, all optical measurements have to
be based on reflective optics [10, 11]. The most crucial
of these systems will be the first mirrors (FMs) which
are plasma-facing components of diagnostic schemes
[10]. The main criterion to the FMs materials is high
reflecting ability together with resistance to radiation
damages due to the impact of 14 MeV neutrons from the
D-T fusion reaction and charge exchange atoms (CXAS)
—analog sputtering. Simultaneous impact of the
neutrons and CXA can promote faster degradation of
optical properties of the mirror in comparison with the
impact of CXA only. Defects created by the neutrons in
the near-surface layer can be a reason of faster change
of surface morphology, and correspondingly, faster
similar comparative experiments with tungsten, which
was chosen to be one of the plasma-facing materials of
in-vessel components of the ITER construction [9].

The effect of heavy sputtering and of neutron
irradiation simulated by displacement damaging with of
20 MeV W*®* ions on the optical properties of tungsten
mirrors has been previously studied [9]. Ar ions with
600 eV of energy were used as an imitation of charge
exchange atoms ejected from fusion plasma. The ion
fluence dependence of the surface topography and the
optical properties of polycrystalline, recrystallized
textured tungsten (grain size 20...100 um) were studied
by optical microscopy, interferometry, reflectometry,
and ellipsometry. Furthermore, after sputtering in total a
layer of 3.9 um in thickness, the orientation and the
thickness of the eroded layer of many individual grains
was determined by electron backscattering diffraction
and confocal laser scanning microscopy. The results of
ellipsometry are rather intriguing since a quite large
difference was found between parameters for specimens
irradiated (3 dpa) and unirradiated with 20 MeV W°"

ions. A comparative analysis of experimental data
obtained by reflectometry and ellipsometry made it
possible to suggest a model of the process of surface
modification for ITER-grade tungsten samples that were
preliminarily irradiated with high energy tungsten ions.
Two different scales in the surface roughness exist,
namely, coarse-scaled and fine-scaled. The factor that is
responsible for coarse-scaled roughness is sputtering,
which is equal for both irradiated and unirradiated sides.
As follows from results of [10], the neutron irradiation
is connected with the defects created by neutrons in the
near-surface layer. So, at the damage rate that would be
achieved in ITER, it has already to make some
additional contribution in the processes developing
under the impact of charge exchange atoms only.

It is known now, that it is possible to obtain certain
properties for W by controlling texture evolution. A
texture is the sum of the different grain orientation.
Typical techniques for forming the desired texture in
metal usually refer to plastic deformation and
combinations the annealing process between the
mechanical deformation steps [12]. The thermo-
mechanical processes will cause the lattices to reorient
themselves along preferred directions by slip or
twinning [13]. Unidirectional rolling will be a simple
method to achieve texture transformation for tungsten.
For W materials, most texture analyses have been
conducted by Electron Backscattered Diffraction
(EBSD) technique other than X-ray diffraction (XRD),
like in Refs. [14, 15].

A.l. Belyaeva et al. [9, 16, 17] investigated the effect
of sputtering on self-damaged recrystallized tungsten
mirror specimens. The tungsten plate with the purity of
99.99 wt.% and with 99.7% of theoretical density was
prepared (A.L.M.T. Corp., Japan) by powder metallurgy
and hot-rolled reduction [18].

ITER-grade tungsten (W-1G), modified to fit the
requirements of the reactor construction [9], was the
initial material. A polycrystalline tungsten rod was
subjected to forging in the radial direction [16] and then
was annealed for 1 hour at 1000 °C to remove the
mechanical stress occurred during deformation. As a
result, the grains are elongated perpendicular to the
deformation direction and their crystallographic
orientation correlates with it. Grains size is ~ 1...3 pm
in width and up to 5 um in length. W-IG manufacturing
technology allows achieving high thermal conductivity
normally to the surface. W-1G with grains elongated
perpendicular to the surface has higher thermal
conductivity and 2...10 times higher hydrogen retention
than the material with the grains in the plane of the
surface [18]. Tungsten is a bcc metal. Under radial
compression, such metals acquire two preferential
orientations: [100] and [110] [19]. As a result,
deformation texture appears that is determined by
manufacturing technology of ITER-grade tungsten. This
is because a well annealed textured polycrystalline
surface is typically composed primarily of the lowest
surface-energy plane. It is important that in this case the
technology (texture) ensures sputtering of all the
indicated planes at the same angle.

The tungsten studied in [9, 16, 17] (W-rc) was
obtained by W-IG tungsten recrystallization. The plate



was cut into specimens of 10x10x2 mm, double-sided
mechanically and electrochemically polished to a high
optical quality, and recrystallized at 2073 K for 1 h. The
typical grain size was in the range 20...100 um The
recrystallized tungsten specimen was irradiated to 3 dpa
by W®" ions and sputtered by Ar* ions at a fluence of
6.45:10% m™2. All grains with (111) or close orientations
exhibited low sputtering yields, (110) displayed a higher
yield and (100) grains showed a yield in the middle. The
authors [9, 10, 16, 17] showed experimentally that for
polycrystalline tungsten (bcc metal), the order of the
three low-index surface energies is ya11) > Yaoo) > Y10
(Fig. 1).

(100) (111) (110)

!

Fig. 1. EBSD results after the last sputtering (10 m™)
for 10x10 um fragment of W-1G surface: orientation of
some grains is specified (EBSD data). Height difference

4h between adjacent grains is indicated
(inset — height scale) [16]

Stark et al. [20] have investigated the dependence of
the sputter yield on the crystalline orientation with
focused Ga" ion beam (FIB) bombardment of (001)
single crystal W. A distinctive variation in the sputter
yield with minima and maxima was observed in their
study when the incident angle was changed. The
positions of the minima of the observed sputter yield in
the above study coincide with low-Miller-index
crystalline orientations and were thus attributed to
channeling of the Ga* ions. However, because their
experiment was performed on a single crystalline
sample with the changing incident angle, the effects of
both crystal orientation and the incident angle were
mixed together, thus cannot be individually
distinguished in their results. For example, since the
(001) orientation was bombarded with the normal
incident angle that alone would lead to the least sputter
yield while the other orientations were bombarded with
higher incident angles, one cannot conclude that the
orientation is more sputter resistant based on the lowest
yield reported in their study.

On the other hand, the pure effect of crystal
orientation has been revealed for commercially
available polycrystalline tungsten was used where
grains with different orientations were bombarded with
the same normal incident angle. The effect of crystal
orientation on the behavior of a tungsten surface under a
30keV focused Ga® ion beam with different
bombardment angles has been investigated by in situ
scanning electron microscopy and electron backscatter
diffraction [21]. Results indicate that the grains of

tungsten with various orientations behave quite
differently. Grains with a (001) direction parallel to the
ion beam always maintain a much smoother surface
morphology with less mass removal after ion
bombardment, indicating a lower sputtering yield. The
authors attributed the observed low surface erosion of
(001) orientation to the relatively high binding energy of
surface atoms and the large channeling effect of this low
index orientation.

A clear relation between the tungsten grain
orientation and both erosion and blister formation was
fixed by authors [8, 22].

The surface topography and optical properties of
polycrystalline recrystallized tungsten exposed to a low-
energy (38 eV/D) high flux (102 m *s™') deuterium
plasma with an ion fluence of 10%® m™ at various
temperatures were investigated by authors [8]. Tungsten
samples provided by A.L.M.T. Corp., Japan were
mechanically polished to obtain a mirror-like surface
and then recrystallized in vacuum at 1800 °C for 1 h. It
was found that the surface morphology weakly depends
on the exposure temperature in the range 320...695 K
with the exception of the narrow temperature region
around 535K, where large changes to all optical
characteristics occur. After plasma exposure at this
temperature, the surface topography of the W sample is
characterized by active blistering. It was found that the
density of blisters is very inhomogeneous: e.g., in Fig. 2
two areas (~30x30 um) with high (A) and low (B)
blister density are emphasized.
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Fig. 2. Optical microscope image of recrystallized W
sample exposed to a low-energy, high flux D plasma
with an ion fluence of 10° m? at T=535 K. Areas with
high (A) and low (B) area density of blisters [8]

Later, it was shown that the presence of blisters was
strongly correlated with the tungsten grain orientation.
Strongest blistering is reported for grains with
orientation close to (111) [22]. The presence of N in the
plasma causes also blisters with cone-like shapes. He
addition leads to the formation of flatter blisters and a
very fine nano-porosity on the surface. W samples were
exposed in the linear plasma generator PSI-2 at a
sample temperature of 500 K with an incident ion flux
of about 10?m*s™', an incident ion fluence of
5-10%° m * and an incident ion energy of 70 eV. Samples
were exposed to pure D' plasma and with additional
impurities of He (3%), Ar (7%), Ne (10%) or N (5%).



Blistering with grain orientation dependence was
observed on all exposed samples. Most pronounced
blistering was reported for grains with orientation close
to (111). Highest erosion yield is observed for grains
with orientation close to (100). The sample exposed to
pure D" plasma reveals the presence of two groups of
blisters with a size of few pum and about 200 nm. The
addition of Ar or Ne results in surface erosion with
different yields depending on grain orientation. Large
blisters were present but show signatures of erosion.
Less pronounced erosion is visible when adding N. The
highest uptake of tritium was reported for the sample
exposed to D+He plasma which corresponds to the
largest — 18 nm, near-surface damage zone revealed by
TEM. Lowest tritium accumulation was observed for
samples exposed to D+Ar and D+Ne plasmas, which
corresponds to the shallowest near-surface damage
zone, as confirmed by TEM. It was shown that the
presence of larger blisters and the erosion is strongly
correlated with the tungsten grain orientation.

To better understand the grain orientation effect on
erosion, EBSD analysis of the sample exposed to D-Ar
mixed plasma was performed [22]. The blistering
behavior should be attributed to the crystallographic
orientation. For bcc metals, like tungsten, the preferred
slip direction for plastic deformation is [111], which is
perpendicular to the surface of grains oriented close to
(1112). In tungsten, grains oriented close to (001) all four
[111] directions are at a shallow angle to the surface,
which makes it less favorable for blistering to occur.
The highest local erosion is observed for grains with
orientation close to (001). The lowest erosion yield is
observed for grains with orientation close to (101). This
finding was in contradiction to results reported by other
groups [8] where most pronounce erosion was found to
occur for grains oriented close to (101) and lowest
erosion yield for grains with orientation close to (111)
(see Fig.1). One has to notice, however, different
irradiation conditions, namely, the energy of the
impacting ions. In prior work [8] Ar ions with the
energy of 600 eV were used. If the different sputtering
behavior is true, it should be assigned to a different
energy of sputtering Ar ions — in this case, the effect of
grain orientation on sputtering would be energy-
dependent. More work is required to confirm that
observation.

Thus, it is very important to control the grain
orientation of tungsten exposed to the bombardment of
various ions. However, as it follows from the analysis of
experimental data on tungsten sputtering carried out in
this section, it is also important to take into account the
sample  manufacturing technology, power, and
composition of the seeding gases, sputtering angle.

2. THEORETICAL METHOD ANALYSIS OF
SURFACE ENERGY OF BCC TUNGSTEN

In the past few years, the methods for empirical and
semi-empirical calculation surface energy of bcc metals
have evolved rapidly. All of these methods are
mathematically similar and have in common the
attribute that the interaction between two atoms depends
upon their local environment. It is mainly this fact that
accounts for the huge successes that these methods have

had in predicting effects at metallic surfaces where the
atomic environment differs significantly from the bulk.

At present, the theory of the surface energy of
metals does not make it possible to calculate this
quantity with a sufficient accuracy. Estimation of
configurational surface energy can be made using
relationships of surface energy with such physical
characteristics of crystals as sublimation heat, electron
work function etc. The relationship between surface
energy and sublimation heat is established using the
following considerations. Sublimation heat
characterizes the strength of bonds between atoms of a
metal. Then the surface energy corresponds to the
energy necessary to transfer an atom from the volume to
the surface of the crystal, i.e., it is the energy of the
broken bonds of an atom on the surface. Within this
model equation (1) [23] allows us to calculate with a
sufficient accuracy surface energy of metals at any
temperature for different crystallographic planes with
Miller indices (hkl):
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where Z u Zs are bulk and surface coordination
numbers, respectively; Zuay =Z—Zs is the number of
the breaking of bonds of atoms of surface; fiq is nodal
plane (hkl) packing factor; N, is the Avogadro number;
p is the density; A4 is the atomic mass; u = 2 is the basis
of crystal cell; R is the universal gas constant; E is the
sublimation energy.

In equation (1) one can see that the surface energy is
directly proportional to the number of the breaking of
bonds of atoms of the surface on the unit area:
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A brief summary of the results, connected with the
theoretical analysis of the surface energy anisotropy for
the low-index crystal surfaces of the polycrystalline bcc
tungsten is included in Table. For comparison, we
present the first-principles calculation (FPC) and results
of various theoretical methods. Surface energy can be
calculated using the first-principles method within the
framework of density-functional theory (DFT) [31, 32].

These theoretical methods (see Table) include FPC
[26-32], the equivalent crystal theory method (ECT)
[2], the tight-binding (TB) method [33], the jellium
model [34], the embedded atom method (EAM) [35],
the modified embedded atom method (MEAM) [36], the
modified analytical embedded atom method (MAEAM)
[37].

For all the theoretical models we know (their results
are presented in Table), the high density (110) surface
has the lowest energy for bcc metals. From Table, it is
clearly seen that the calculated surface energy shows a
strong anisotropy, the surface energy values of (100),
(110) and (111) planes are different. Particularly
puzzling is the fact that the FPC results [26-32] for W
conform to the expected order of vyguig) < Y(00). It is
important to note that all of the AECT surface energy
results from this study consistently support the trend
Y@10) < Yai1) < Y (100) for bcc metals.



Tungsten (bee metal) theoretical surface energies (hkl) (J:m™)

Plane FPC [26-32] AECT B EAM | MEAM | MAEAM |Wangetal. Zhang
(hkl) [2] [33] [35] [36] [37] [24] etal. [25]
4.635 [26],
(100) 5.100 [29], 5.904 6.700 2.809 2.646 2.882 4.025 2.645
4.780 [30]
4.005 [26],
(110) 3.840 [27] 3.279 4.300 2.599 2.232 2.638 2.998 2.232
(111) 4.452 [26] 4.319 6.750 - 2.247 3.315 3.671 2.247

This is also the trend obtained by MEAM [36] and
authors [24, 25]. However, the results of the other
theoretical model in Table do not always support this
trend. In fact, the jellium model [34] and MAEAM
model [34, 37] has yui) > Yoo, that is confirmed
experimentally (see Fig. 1). From Table, it can be seen
that AECT surface energy results are closer FPC.
However, it must be pointed out that experimental
measurements of the surface energy are found for
polycrystalline textured tungsten. Fu et al. [34] have
used density functional theory to calculate the (100)
surface energy in the bcc W. Their calculated value for
W (5.1 J-m?) is in good agreement with the value
calculated using AECT and FPC.

The equivalent crystal nearest neighbor distance is a
very vital parameter since it is needed for the
calculation of surface energy.

3. DISCUSSION AND CONCLUSIONS

The following outline summarizes the main
contributions of this manuscript.

Summarizing of the experimental and theoretical
trends observed on the changes in surface
microstructure and topography resulting from surface
energy anisotropy for the low-index crystal surfaces of
the polycrystalline bcc tungsten under sputtering is
done. A brief summary of the most closely related work
is included. The experimental results have been
discussed in the framework of the various theoretical
methods. Emphasis was placed on the problems which
are existing up to now. It is shown that it is very
important to control the grain orientation of tungsten
exposed to the bombardment of various ions. However,
from the analysis of experimental data on tungsten
sputtering carried out in the study it follows, that it is
also important to take into account the sample
manufacturing technology, power and composition of
the seeding gases along with the angle of sputtering. It
is shown that the absence of a common trend in the
ordering of the (100), (110), and (111) surface energies
amongst the various theoretical models is a problem yet
to be satisfactorily discussed.

We have in this study employed the set of analytical
theoretical methods to provide a set of surface energy
for bcc W. In this work, the (100), (110), and (111)
surfaces were considered for the bcc tungsten. The
surface energies of the bcc tungsten were found to be in
good agreement with the available TB and MAEAM
(see Table) calculations and experimental data (see
Fig. 1). It has been found that the surface energy results
from this study consistently support the trend,
Y(10) < Yooy < Y(111) for bcc W, which then shows that

the densest packed bcc (110) surface posses the lowest
energy. The other methods (see Table) support the
trend, Y1) < Yair) < Yaooy for bcc W. Thus, the
theoretical problem of calculating the surface energies
of metals is still to be satisfactorily solved. The
differences in the results obtained by the several
theoretical methods are not yet small enough for us to
begin to think that the different calculations have
converged. This fact was unable to attribute the reason
for these differences to the relaxation effects which
were ignored since contributions from relaxation effects
are usually small. Therefore the neglect of relaxation is
excused.

The absence of a common trend in the ordering of
the (100), (110), and (111) surface energies amongst the
various theoretical models (see Table) is a problem yet
to be satisfactorily discussed. In this work is not likely
to have much effect on the accuracy of the calculated
surface energies. We hope that the extensive results
reported in this paper will be of help to those interested
in the surface properties of metals. This research model
can be further extended to the surface energy estimation
of more crystals and surfaces. Clearly, more work
should be done in this area. The orientation dependence
of surface sputtering of tungsten can be used to guide
the fabrication of tungsten-based first wall component
and FMs in a nuclear fusion reactor.

Thus, it is very important to control the grain
orientation of tungsten exposed to the bombardment of
various ions. The experimental results of this
manuscript (see Fig. 1), which include the non-
roughening behavior and the least mass loss in the
tungsten grains with (111) crystal orientation, cannot be
explained by the existing theoretical models.
Theoretical work on the effect of crystal orientation on
the behavior of a target surface during ion beam
bombardment is ongoing and will be reported in a future
article.
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AHM3OTPOITUA MOBEPXHOCTHOM SHEPT U HU3KOWHIEKCHBIX
KPUCTAJJIMYECKHUX MIOBEPXHOCTEM TEKCTYPUPOBAHHOI'O
HOJIMKPUCTAVIMYECKOI'O OLIK-BOJIb®PAMA:
3KCIHEPUMEHTAJBHBIA U TEOPETUYECKW AHAJIU3BI

A.H. bensesa, A.A. Caguenko, A.A. I'anysza, H.B. Konenos

[IpoBeneHBI KOMIUICKCHBIN KCIIEPUMEHTANBHBI U TEOPETUICCKUN aHAJIM3Bl 3aKOHOMEPHOCTEH B M3MCHCHHH
MHUKPOCTPYKTYPEI U TOTOTpadMi HU3KOMHICKCHBIX KPUCTALIOrPaUIECKAX IUIOCKOCTEH MONUKPHCTAILIMYECKOTO
OLK-Boibdpama mmoj BIMSHHUEM pACHBUICHUS W CBS3aHHBIX C AHU30TPOMHEH €ro IOBEPXHOCTHOW JHEPIuHu.
IpuBenen kpaTkuii 0030p Hanbojee OIM3KUX MO TeMe paboT. DKCHEPUMEHTAIBLHBIC PE3yIbTaThl 00CYKIAIOTCSA B
paMKax pa3JIMYHbIX TEOPCTUYCCKUX ITOAXOI0B. AKI_[eHT CAcJIaH Ha np06ﬂeMax, HCPCHICHHBIX K HACTOALICMY
BpPEMCHHU. HOKaSaHO, YTO PAa3JIMYHBIC COBPCMCHHBIC TCOPECTUYCCKHUE MOAXOJbl AAal0T pa3HbIC 3HAYCHUA
MIOBEPXHOCTHBIX 3Hepruit amns miaockocteit (100), (110) u (111) naxxe mo mopsiiky cpaBHEHHUs, U 3Ta IpobieMa Ha
CeTONHAIIHAN JEeHb HE WMEET YIOBICTBOPUTEIHFHOTO pEIICHUS. OKCHEPUMEHTANFHO IIOKa3aHO, YTO JUIA
MTOJMKPUACTAIUIMIECKOTO TEeKCTypupoBaHHOTO Bosbdpama (OLK-meTamr) MOBEpXHOCTHBIE JHEPTUH [UIA TpPeX
HHM3KOUHJEKCHBIX MIIOCKOCTEH NMEIOT CIEAYIOIHI MOPAN0K CPABHEHHSA: Y(111) > Y(100) > Y(110)-

AHI3OTPOIIA NOBEPXHEBOI EHEPTTI HU3bKOIHAEKCHUX KPUCTAJITYHUX
HOBEPXOHBb TEKCTYPOBAHOTI'O INOJIKPUCTAJIITYHOI'O OLK-BOJIb®PAMY:
EKCIIEPUMEHTAJIbHUAN TA TEOPETUUHUIN AHAJII3HU

A.l Benaesa, A.O. Casuenxo, O.A. I'anysa, I.B. Konenos

[IpoBeneHO KOMIUIEKCHMH EKCIIEPUMEHTAJbHUN Ta TEOPETUYHHHM aHAJi3M 3aKOHOMIPHOCTEH Yy 3MiHEHHI
MIKpOCTPYKTYpu 1 Tonorpadii HU3BKOIHAEGKCHHX KpucTanorpadiuHux mIockocTed mnosikpucraniynoro OLIK-
BoJIb()paMy Mij BILUIMBOM DO3MMJICHHS Ta IOB’SI3aHUX 3 aHI30TpOIIi€l0 ioro noBepxHeBoi eHeprii. [IpuBeneHo
KOPOTKHI OTJIsAA HAaWOUIbII OJH3BKUX 3a TEMAaTHKOK poOIT. EKCIepUMEHTabHI pe3yabTaTd OOrOBOPIOIOTHCS Y
paMKax pi3HOMaHITHHX TEOPETHYHMX MiIXOIiB. AKIEHT 3p00JeHO Ha mpodieMax, sIKi He BHUpIIIEHI Ha Iei yac.
[MokazaHo, 110 PI3HOMAHITHI Cy4acHi TEOPETHYHI MiAXO0H JAal0Th Pi3HI 3HAUSHHS IOBEPXHEBOI €Hepril JJIs IUIOIHNH
(100), (110) Ta (111) HaBiTh 3a MOPSIKOM MTOPIBHAHHSI, Ta I MPOOJIEMa Ha IIeH Yac HE MA€ 3aJ0BUILHOTO PIIICHHS.
ExcrieppuMeHTanbHO MOKa3aHo, IO YIS MOJIIKPUCTANIYHOTO TeKCTypoBaHoro Bonbdpamy (OLIK-meran) nosepxHesi
€Heprii 11 TPhOX HU3bKOIHJEKCHUX IJIONIiH MalOTh TAKHI MOPAIOK MOPIBHAHHA: Y(111) > Y(100) > Y(110)-



