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The influence of a substrate temperature and of oxygen pressure in the evaporation
chamber on the structure and phase state of nickel laser condensates has been studied by
electron microscopy. The regularities of structure-phase transformations in the films and
changes of magnetic properties after annealing have been investigated. It is established
that a wide spectrum of thin-film states can be provided by varying the oxygen pressure
in the evaporation chamber and the substrate temperature during nickel condensation.
Amorphous Ni films are formed as well those with metastable HCP lattice (o phase), with
stable GCC lattice (B phase), and NiO films with FCC structure. The effective activation
energy value for the processes controlling the formation of o phase of Ni grains makes
about 0.26 eV/atom. Annealing of amorphous films initiates their crystallization with
formation of disordered precipitates of [} phase of nickel. Annealing of Ni films with
metastable HCP lattice initiates the HCP — FCC polymorphic transformation accompanied
by sharp increase of grain size and changes in its magnetic properties. The annealed films
get a magnetic moment and hysteresis is observed at magnetization reversal.

IIpoBeneHo 2IeKTPOHHO-MHUKPOCKOIINYECKOe MCCIEJOBAHNE BIHUSHUS TEMIEPATYPHI IIO-
JIOKKH W JaBJEHUS KHCJIOPOAA B MCIIAPUTENLHON Kamepe Ha CTPYKTYpPy u (hasoBbIil cocTas
JIa3ePHBIX KOHIEHCATOB HUKeJsd. V3yduyeHbl 3aKOHOMEPHOCTH CTPYKTYPHO-(PasoBbIX TpaHChHOpP-
Manui ¥ M3MEHeHUe MArHHUTHBIX CBOMCTB ILJIEHOK IIOCJIe OTKHra. YCTAHOBJIEHO, UTO BapbU-
pOBaHWEM [ABJEHHUS KHCJIOPOJA B WCIAPUTENbHON KamMepe M TeMIePaTypPhl IIOAJIOXKKHU B
mmpoliecce KOHIEHCAIMY HUKEIs MOMKHO obecredunuTbh OPMUPOBAHNE IIMPOKOr0 CIEKTPA TOH-
KOILIEHOUYHBIX cocTosgHuii. Konmencupyrorcsa amopdubie maenku Ni, maemxku Ni ¢ meracra-
ounpuoit I'TlY pemerkoit (o dasa), miaeaxu Ni co crabuabpnoit I'ITK pemrerkoit (B dasa) u
mieaku okcuza NiO co crpykrypoit TIIK. 9ddexTuBHOE 3HAUEHUE 9JHEPIHU AKTHUBAIIAU
IIPOIeCCOB, KOHTPOJHPYIOmMuX obpasoBanue 3epen o daser Ni, cocrasasger ~ 0,26 sB/arom.
OT:Kur aMOPMHLIX I[JIEHOK HHUIMHPYET MX KPHUCTAIH3ANUIO ¢ 00pasOBAHNEM Pa3OPHUEHTH-
poBaHHBIX BbiAeseHuil 3 dassl Hukedas. Orsxur mienok Ni ¢ meracrabuapuoit I'TIV pemrerkoi
uHuIUupyetr noaumopdHoe mnpespamenue I'TIY — I'ITK, KoTopoe COIPOBOKIAETCA PE3KUM
yBeJIMUEHNEM pasMepa 3epeH U M3MeHeHMeM MArHUTHBIX XapaKTEePUCTUK IJIeHKH. B peayJib-
TaTe OTXKUra IJIEHKU MMPUOOPeTaloT MArHUTHBI MOMEHT, a IIPU IepeMarHNYMBAHUU WMEeT
MECTO T'HCTepPe3lC.
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Investigation of structure, phase state,
and properties of thin nanocrystalline Ni
films is of both fundamental and practical
interest. These films belong to solid low-di-
mensional materials and are used in modern
microelectronics as miniature functional
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elements and in magnetic memory systems
as interference filters, reflecting and anti-
reflecting coatings [1]. To provide the re-
quired electro-physical properties of thin
film structures, it is necessary to advance
the technologies of their preparation.
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The pulsed laser deposition (PLD) in vac-
uum or in controlled gas medium is one way
to solve this problem. In [2], the diagram is
presented showing the phase states of de-
posited films depending on the ratio of gas
flow to metal vapor one hitting the film
growth surface. Absorption and chemical
activity of metal are considered, too. How-
ever, the above-mentioned diagram does not
include any data concerning the PLD of
nickel.

Nickel is known to be a polymorphous
metal. The parameters of hexagonal close-
packed (hep) lattice of low-temperature Ni
modification that is stable below 380°C are
presented in [3], those of Ni face-centered
cubic (fcc) modification, in [4]. Probability
of hep Ni occurrence rises in thin-film state.
This fact is interpreted in [5] as a phase
transition at decreasing film thickness. The
transformation is caused by the change of
free energy when the surface relative fraction
increases. The amorphous structure films
have been observed at laser sputtering [6].

Today, there is a considerable interest in
Ni films and nanoparticles due to their mag-
netic and catalytic properties. Formation of
metastable hep phase and non-ferromagnetic
behavior of Ni films prepared by pulsed
laser deposition have been established [T7].
Hexagonal close-packed Ni nanostructures
were observed under heteroepitaxial Ni
growth on the (001) face of MgO [8]. When
lateral size of islands exceeded about 5 nm,
the transformation of hcp lattice into ordi-
nary fce one occurred via martensite mecha-
nism. Ni nanoparticles having both hcp and
fce structure were prepared by complex
technological deposition cycles from solu-
tions [9] and by thermal dissociation (disso-
lution) of organometal precursors [10].
Magnetic properties of Ni nanoparticles cor-
responded to both paramagnetic and ferro-
magnetic states.

The aims of this work are to investigate
the effects of the substrate temperature and
oxygen pressure in evaporating chamber on
the structure and phase state of laser Ni
film condensates using transmission elec-
tron microscopy and to study the mecha-
nisms of structure and phase transforma-
tions and magnetic property evolution of
films after annealing.

The films have been prepared by pulsed
laser deposition of nickel onto KCI (001) sin-
gle crystal substrates as well as onto KCI
substrate coated with an amorphous carbon
thin layer. The usual laser deposition
method [2] consisting in pulsed sputtering
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of high purity nickel target in vacuum or in
oxygen atmosphere in continuous-flow re-
gime has been used. The laser emission of
nanosecond duration and A = 1.06 um wave-
length was introduced into vacuum chamber
using modulated Q-switch regime and was
focused on rotating Ni target. The repeti-
tion frequency v = 25 Hz. The film thick-
ness t was 28 to 30 nm. The film thickness
was controlled by the photometric method
using reference samples of known thickness.
The substrate temperature was varied in the
range from 290 to 700 K. The oxygen pres-
sure in vacuum chamber P(O,) was varied
from 5-1078 to 13.3 Pa.

Annealing of these films in vacuum with-
out stripping off from the substrate acti-
vated the structure transformations in the
films. For transmission electron microscopy
studies the as-prepared films and annealed
ones were stripped off from substrates in
distilled water and then mounted onto ob-
ject grids.

The electron diffraction examination and
the transmission electron microscopy (TEM)
were used for the film structure studies.
The EM-100L electron microscope working
in electron diffraction regime was used to
observe the electron diffraction patterns.
The bright-field TEM images of 120000-
200000 magnification were obtained using a
PEM-100-01 electron microscope. Using
these images, the histograms describing the
distribution of Ni grain size D were plotted
and mean grain size <D> was found.

Magnetic properties of as-prepared nickel
films and those annealed at 670-700 K
were studied by high sensitive vibrating
magnetometer. The hysteresis loops were
measured on square-shaped samples of
about 1 cm?2 area in magnetic fields up to
1000 Oe applied in the film plane along two
perpendicular directions at room tempera-
ture. The mean saturation magnetization
was determined by comparing signals from ref-
erence sample and that under investigation.

It was found that using PLD method, it
is possible to initiate the formation of dif-
ferent structure states in films by varying
the pressure P in evaporating chamber and
the substrate temperature Tg (see Table 1):

i) Amorphous state arises when laser ero-
sion Ni plasma is condensed onto both ori-
enting substrates ((001) KCI) and non-orient-
ing ones (amorphous carbon) at Tg = 290 K
(Fig. 1a). Annealing of film on substrate in
vacuum at T, = 710 K during 1, = 190 min
stimulates its partial crystallization (Fig.
1b). Here, finely dispersed fec Ni crystals
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Fig. 1. Pulse laser deposition of Ni films onto
(001) KCI substrate: (a) Electron diffraction
pattern and TEM image of an amorphous film
deposited at substrate temperature Tg =
290 K; (b) The same after annealing of films on
the substrate in vacuum at T, = 710 K during
1, = 190 min. The electron diffraction pattern
contrast is inverted; (¢) Histogram of size (D)
distribution of Ni particles segregated in
amorphous matrix after annealing.

are segregated in amorphous matrix. The
size distribution histogram of crystal segre-
gations in amorphous matrix is shown in

Fig. 1lc. The mean size of segregations <D>
= 17.3 nm, the mean distance between seg-
regations <L> = 384.6 nm. More detailed
statistical data are in Table.

ii). When the substrate temperature rises
in the range of T¢~350-660 K, the Ni films
of metastable hep structure are formed.
Only polycrystalline films were generated
on the non-orienting substrates. The elec-
tron diffraction pattern and TEM image of
hep Ni film deposited at Tg =530 K onto
KCI substrate coated with amorphous carbon
film are shown in Fig. 2a. In accordance
with histogram, shown in Fig. 2b, the mean
size of Ni grains <D> is 5.0 nm.

Partially oriented films are formed on
the orienting substrates. As Tg rises, the
extent of film orientation increases. Fig. 3a
demonstrates the electron diffraction pattern
and TEM image of an hep Ni film deposited at
the same temperature (Tg= 530 K) onto
(001) KCI surface. According to histogram
shown in Fig. 8b, the mean size of Ni grain
increases and amounts 13.2 nm.

The annealing of the investigated hep Ni
films (both polycrystalline and texture-ori-
ented) results in the transition thereof into
stable fcc state. The electron diffraction pat-
tern and TEM image of fee Ni films obtained
by annealing of initial hep Ni ones are shown
in Figs. 2¢ and 3c. Annealing of films on
substrates was carried out at T, =720 K
during 7, = 150 min. The histograms (Figs.
2d and 3d) illustrate the change of Ni grain
size distribution after annealing. In the
first case, the mean Ni grain size <D>
increased from 5.0 nm to 77.7 nm, in the second one,
from 13.2 nm to 71.1 nm (see Table).

iii). The polyecrystalline fcec films (de-
posited onto non-oriented substrates) and
epitaxial ones (deposited onto orienting
substrates) are formed when deposition is

Table. Annealing effect on structure and statistic characteristics of PLD Ni films

Grain |Ni deposition onto (001) KCI. |Ni deposition onto amorphous| Ni deposition onto (001) KCI.
(particles) Tg =290 K carbon. T'g = 530 K Tg =530 K

charac-

teristics |Initial state| Post annealing | Initial state | Post annealing | Initial state | Post annealing

state state state
Structure | Amorphous Amorphous hep fee hep texture fee texture
with fec polycrystalline polycrystalline
segregations

<D>, nm - 17.3 5.0 7.7 13.2 71.1

T, nm - 3.6 1.7 31.7 4.6 27.5

K, % - 20.8 34.0 40.8 34.8 38.7
Notes. <D> is mean grain (particle) size; o, standard deviation; K, coefficient of wvariation

1006/<D>.
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Fig. 2. The hep — fce phase transition in Ni films deposited by PLD onto amorphous carbon thin
films: (a) Electron diffraction pattern and TEM image of an hcp Ni film deposited at Tg = 530 K;
(b) Histogram of size (D) distribution of hep Ni grains; (c¢) Electron diffraction pattern and TEM
image of Ni film with fcc structure obtained after annealing of initial film on the substrate in
vacuum. Tg = 720 K, 1, = 150 min; (d) Histogram of size (D) distribution of fcc Ni grains.
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Fig. 3. The hcp — fee phase transition in Ni films deposited by PLD onto (001) KCI substrate: (a)
Electron diffraction pattern and TEM image of an hcp Ni film deposited at Ty = 530 K; (b)
Histogram of size (D) distribution of hep Ni grains; (¢) Electron diffraction pattern and TEM image
of an fcc Ni film obtained after annealing of initial film on the substrate in vacuum. T, = 720 K,
1, = 150 min; (d) Histogram of size (D) distribution of fcc Ni grains.

carried out at substrate temperature Tg =
670-700 K.

The diagram describing the dependence
of mean Ni grain size <D> on the deposition
temperature T'g is presented in Fig. 4a. In
this figure, the mean grain sizes of annealed
Ni films are shown, too. The solid line is
drawn through points characterizing the
grain sizes of as-prepared Ni films. The ar-
rows connect the points corresponding to as-
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prepared hep samples and fee annealed ones.
In accordance with the plot, the consider-
able rise of <D> is accompanied by phase
transition of Ni lattice from hep to fce
state.

iv) At laser sputtering of nickel in oxy-
gen atmosphere under P(0,)>0.13 Pa, NiO
oxide phase having fec
structure is formed (Fig. 5).

polycrystalline

Functional materials, 16, 2, 2009
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Fig. 4. (a) Dependence of Ni mean grain size
<D> on substrate temperature Tg and on
post-deposition annealing. The curve is plot-
ted through the points characterizing the Ni
grain sizes of as-prepared films. The arrows
link together the data corresponding to sam-
ples prior to and after annealing, respec-
tively. o — hep Ni phase. ¢ — fcec Ni phase;
(b) Plot for hep Ni films drawn using
1n<D>2—1000/TS coordinates.

We have found that as-prepared Ni films
having both amorphous structure (Fig. la)
and metastable hep one (Figs. 2a, 3a) do not
reveal magnetic moment (Figs 6a, 6c¢c, 6e)
exceeding the magnetometer sensitivity
threshold (corresponding to magnetization
value less than 1-5 G for above-mentioned
size parameters of samples under investiga-
tion) in magnetic fields up to 1000 Oe.

After annealing, the magnetic state of
films deposited onto both amorphous carbon
layer and (001) surface of KCI substrates
changed. Namely, the magnetic moment in-
creases significantly and hysteresis is ob-
served at magnetization reversal (Figs. 6d,
6f). The in-plane anisotropy is absent. Ni
films on amorphous carbon substrates are
characterized by coercive force H, = 80 Oe
and saturation magnetic field Hgx150 Oe.
For (001) KCI substrates, these wvalues
amount of 110 Oe and 150 Oe, respectively.
Saturation magnetization values Ig are in
the range of 300 to 8310 G, being somewhat
lower than Ig for bulk nickel (484 G [11]).
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Fig. 5. Electron diffraction pattern and TEM
image of an fcc NiO film. PLD was carried
out in oxygen atmosphere at pressure P(O,) =

1.33 Pa and substrate temperature Tg=
290 K.

The diagram of structure and phase
states for laser condensate films of various
metals deposited onto unheated substrates
under different oxygen pressure values in
evaporating chamber is presented in [2, 12].
Our data concerning to structure and phase
states of PLD Ni films are shown in the
improved diagram (Fig. 7). On the abscissa
axis, the values of initial adsorption heat of
oxygen onto metal surface, @;, are plotted
because the film phase state is influenced
most strongly by that gas. The Qg values
for Ni surface are cited in [13]. On the ordi-
nate axis, the values of dimensionless pa-
rameter I';; are shown. This parameter
equals the ratio of gas atomic flux J4 hit-
ting the growth surface during the pulse
repetition period t to flux J; of metal

atoms during the deposition pulse time 7;:

t 1
[ Joat @
0

[71@®)at
0

The following areas are marked in the dia-
gram. The area (I) corresponds to crystalline
metal. The subarea (1) is marked as a par-
ticular case (formation of oriented and epi-
taxial structures under deposition onto alkali
halide crystal substrates). The area (II) dem-
onstrates the presence of polycrystalline
structures with amorphous component be-
tween metal grains. The area (III) corresponds
to amorphous structures. The area (IV) be-
longs to phases with composition close to
stoichiometric oxides.
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Fig. 6. Magnetization loops of PLD Ni films: (a) Amorphous films (see Fig. 1a) deposited onto KCI
(001) surface at T'g = 290 K; (b) The same after partial crystallization (see Fig. 1b) as a result of
annealing at T, = 710 K, 1, = 190 min; (c) Polycrystalline hcp films (see Fig. 2a) deposited onto
amorphous carbon surface at Tg = 530 K; (d) The same after transition to fcc structure (see
Fig. 2c) as a result of annealing at T, = 720 K, 1, = 150 min; (e) Partially oriented hcp film (see

Fig. 3a) deposited onto (001) KCI surface T = 530 K; (f) The same after transition to fcc structure
(see Fig. 3c) after annealing at T, = 720 K, 1, = 150 min

The structure formed as a result of
nickel PLD in oxygen atmosphere at pres-
sure P(0,)>0.13 Pa corresponds to area (IV)
(the square in the diagram of Fig. 7). Here,
the stoichiometric fec oxide NiO is gener-
ated (see Fig. 5). When the pressure de-
creases, the amorphous state corresponding
to area (III) (the circle in diagram of Fig. 7)
is realized. An increasing flux of metal
component J; initiates the conversion to
area (I) (the triangle in the above mentioned
diagram). This case is realized in combined
laser and thermal co-deposition method
when vapor-plasma flux and flux of metal
atoms evaporated thermally are deposited
on substrate [14].

The dependences of mean grain size <D>
of hep Ni vs substrate temperature T'g plot-
ted using coordinates ln<D>2— 1000/Tg are
shown in Fig. 4b. It follows from this fig-
ure that experimental points are situated on
straight line described by the equation:

In(D)2 = a + (lggoj

(2)

where a =11.06 and b= -2.99. On the
other hand [15], it is known that the de-
pendence of mean grain size <D> of depos-

ited films are allowed to described by expo-
nential function
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Fig. 7. The structure state diagram of films
deposited by pulse laser sputtering of metal
targets in oxygen atmosphere.

(D)2 = Aexp(—% (3)

In Eq. (3), A is pre-exponential factor;
U is effective activation energy of processes
controlling the grain generation. Comparing
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Fig. 8. Schematic model of phase transition from low-temperature hep modification (a-Ni phase) to
high-temperature fcc one (B-Ni phase) in PLD films under annealing: (a) hcp crystal lattice in
projections onto (110) and (001) planes. Red and blue circles correspond to atoms in the same type
planes of ABAB... sequence; (b) fcc crystal lattice in projection onto (110) and (111) planes. Red,
blue, and green circles correspond to atoms of the same type in atomic planes of ABCABC...

consequence.

the equations (2) and (3) and using the
above-mentioned a and b coefficients, we
get A=6.410714 (m2) and U=
24.86 kJ/mol (0.26 eV /atom).

According to [15] the typical values of U
for pure metals deposited at substrate tem-
peratures Tg not exceeding 0.3 melting
point (so-called first condensation zone) are
0.2 to 0.25 eV/atom. It should be concluded
that the value of U = 0.26 eV/atom deter-
mined for Ni in our work agrees satisfactory
with literature data.

Annealing of Ni films on (001) KCI sub-
strate in vacuum in temperature range
T,~710-720 K activates the recrystalliza-
tion processes. As a result of recrystalliza-
tion, the increasing of mean Ni grain size
<D> is observed and the phase transforma-
tion from low-temperature hcp modification
(0-Ni phase) to high-temperature fcc one (f3-
Ni phase) occurs. To carry out the crystal-
lographic analysis, it is reasonable to use an
example of inverse allotropic transforma-
tion B — o, which occurs in a martensite
manner in Co under sample cooling [16].

Fig. 8a shows the bilayer hcp lattice (a-
Ni phase) as a sequence of close-packed
atomic layers (ABAB...). The growth of
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high-temperature [B-Ni phase crystal starts
from some (001) plane of initial hep crystal,
this plane remaining invariant. We suppose
that the first two bottom layers A; and B;
of a-Ni phase (001) planes correspond to the
first two bottom layers A; and B; of [-Ni
phase (111) planes. When (4,B543B3) layers
of (001) a-Ni phase are shifted by vector
R =2/3 a[110], then A, and B, planes of
bilayer stacking pass into (111) C; and A,
of three-layered stacking. Next similar
shifts stimulate the following transition:
A3 > By and Bg > Cy ete. In this way, the
reconstruction of lattice from bilayer stack-
ing to three-layered one occurs.

The change of film magnetic moment re-
sulting from annealing that we have estab-
lished can be explained as follows. The an-
nealing stimulates the transformation of Ni
crystal structure from metastable hep one
(a-Ni phase) to equilibrium fcc phase (B-Ni
phase). A model is known describing the
transition metal electron structure [17]. In
that model, the hep Ni would not have a
spontaneous magnetization while the fcc Ni
is ferromagnetic. In this case, the magnetic
properties changes after annealing are due
to magnetic phase transformation.
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There are contrary viewpoints, too. In
[18], it has been shown that hep Ni is ferro-
magnetic and its atomic magnetic moment
is equal to 0.59 up, being somewhat less
than atomic magnetic moment of stable fcc
phase (0.60up). However, in nanodispersed
thin film systems where the grains are suf-
ficiently small and isolated from each other
(volume concentration of magnetic phase is
lower than 30 %), the superparamagnetism
may be observed. As a consequence, the
magnetic moment of the sample under in-
vestigation will be very small in the applied
magnetic fields (<1000 Oe). This case takes
place in amorphous-crystalline Ni films (see
Fig. 1b and Fig. 6b) where fcc grains of B-Ni
phase are embedded into amorphous non-
ferromagnetic matrix. Using data of Fig. 1
and Table, the mean grain size and mean
intergrain distance have been evaluated to
bes <D> =17.3 nm and <L> = 34.6 nm, re-
spectively. According to [19], an increase of
<D> and a decrease of <L> may initiate the
transition from the superparamagnetic state
to ferromagnetic one.

The hep «-Ni films deposited onto amor-
phous carbon substrates and (001) KCI| ones
are characterized by fine-grain polycrystal-
line structure (<D> = 5-13 nm) and by ab-
sence of any observable magnetic moment.
However, TEM micrographs shown in Figs.
2a and 3a demonstrate a close grain contact
and absence of grain interlayers. The latter
confirms the supposition that the changes
in magnetic properties after annealing are
due to magnetic phase transformation.

Thus, to conclude, variations of oxygen
pressure in the vacuum chamber and of sub-
strate temperature during Ni PLD process
provide a wide variety of thin film states,
including the amorphous Ni films, metas-
table hep Ni (a-Ni phase), stable fee Ni (B-Ni
phase) and fce Ni oxide. The effective acti-
vation energy of processes controlling the
formation of o«-Ni phase grains amounts
about 0.26 eV/atom. Annealing of amor-
phous films activates their crystallization
going with formation of off-oriented segre-
gations of B-Ni phase. Annealing of metas-
table hep Ni films initiates the hep — fee
polymorphous transition followed by sharp

168

increasing of grain size and change of film
magnetic characteristics. As a result of an-
nealing, the films take a noticeable mag-
netic moment and hysteresis takes place at
magnetization reversal.
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CrpykTypHO-(ha3oBi cTaHM Ta 3MiHA MAarHiTHHX
BJIACTHBOCTEH NPH pPEeKpHCTadi3aiii TOHKOILIIBKOBHX
Ja3epHUX KOHIEHCATIiB HiKeJIo

O.''Bazmym, 1.I' .Illunkxoéa, B.A./Kyukoe

IIpoBeneHO €IeKTPOHHO-MiKPOCKOIIiUHe AOCHiKeHHs BILIUBY TeMIIepaTypu HiAKJIaIKU Ta
TUCKY KHWCHIO y BUNApPHi#l KaMepi Ha cTpyKTypy Ta (asoBuil CKJaL JasepHUX KOHIEHCATIB
HikeJs10. BuBueHo 3aKOHOMipHOCTI CTPYKTYpHO-(hasoBux TpaHchopMalliil Ta 3MiHM MarHiTHuUX
BJIACTUBOCTEIl ILIIBOK TicasA Bigmany. YCTaHOBJIEHO, IO BapilOBAHHA TUCKOM KHWCHIO y BHU-
napHili KaMepi I TeMmepaTypon HiIKJIAAKHN y Ipolieci KoHAeHcallii HiKelio 3a0e3meuyioTh
IIUPOKMUI CIHEKTP TOHKOILIIBKOBUX cTaHiB. @opmyrorbesa amop@ui miaiBkm Ni, maisxku Ni 3
meracrabinpuoo I'IIY pemritkoo (o dasa), maisku Ni 8i cradinpuoro I'ILIK rparkoro (f dasa)
i maieku okcumy Ni 8i crpykrypoo I'lIK. EdexkTuBHe sHaueHHs eHeprii aktusamii mporecis,
110 KOHTPOJIOIOTL yTBOpeHHs 3eper o dasu Ni, cranosuts ~ 0,26 eB/aTrom. Bigman amopd-
HUX ILUIIBOK iHimiroe IxHI0O KpucTanisailito 3 yTBOPEHHSAM PO30Pi€HTOBAHUX BHUILIEeHb 3 dasu
Hikemro. Bigman maisok Ni 3 meracrabinpaoro I'TIY rparkoro imimiroe momimopdue meperso-
penns I'TIY > T'IIK, mjo cynpoBOIKyeTbCsi PisKuUM 30iJbIIeHHAM PO3Mipy 3epeH i 3MiHOIO
MAardiTHHX XapaKTepHCTUK ILIiBKKM. Y pesyJabraTi Bigmany miaiBkum HaOyBamOTb MAar”HiTHOTO
MOMEHTY, a IpHU IIepeMarHiuyBaHHI mMae Mmicie ricrepesuc.
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