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The influence of annealing on structure and phase states of nickel laser condensates has
been studied. Volume changes, orientation relations between HCP and FCC crystal lattices,
and magnetic properties changes after annealing are established. It has been shown that on
(001) KCI substrate at a temperature higher than 400 K, a two-positioned nucleation and
growth of HCP Ni grains takes place. Both positions contain groups of crystals with zone
axes [111] and [221] perpendicular to the substrate. The annealing of film initiates
polymorphic HCP — FCC transformation accompanied by relative increasing of the mate-
rial density by 18.5 % . The polymorphic transformation results in a change of the film
magnetic characteristics: the film gets a magnetic moment, and hysteresis is observed at
magnetic reversal.

WccnenoBaHo BAWSHUE OTIKUIA Ha CTPYKTYPY U (PasOBBIN COCTAB JIa3€PHBIX KOHJEHCATOB
HUKeJIs1. BeIsBIeHb 00beMHble USMEHEeHU U OPUEeHTAI[MOHHBIE COOTHOIIeHusa Mexgy LIV u
TIIK pemieTkaMu B IJIEHKAaX, a TAK/Ke M3MEHEHUEe MAarHUTHBIX XaPAKTEPUCTUK IPU OTIKULE.
TIokasauo, uro uHa mogyoxke (001) KCI Beime 400 K umeer mMecTo ABYXIOSUIIMOHHOE 3aPOJK-
nenme u pocr 3eped Ni co crpykrypoit I'TIY. Obe mosmmum comepsKar Ipynibl KPUCTAJJIOB,
o KOoTopeIx ocu 30H [111] m [221] opumeHTHPOBAHBI 110 HOPMAaJM K IOMIOMKKe. OTKHUr
uHnIuupyer noaumopduoe mnpespamienue I'ITY — I'ITK, xoropoe cOmpoBOMKIaE€TCA OTHOCH-
TeJILHBIM yBeJIMUeHNeM ILIOTHOCTH BelmmectBa Ha 18.5 % . B pesyabrare moJumMopdHOro Impe-
BpAIlEHN s IPOUCXOIUT M3MEHEeHNe MAarHUTHBIX XapaKTePUCTUK ILJIEHKU: IUIEHKU npuobpera-
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10T MarHUTHBIHA MOMEHT, a IIPpU IIepeMarHudyuBaHUN HaGJIIOﬂaeTCﬂ rucrepesuc.

At present, the pulse laser deposition
(PLD) is used widely to produce films and
coatings of various functional purposes [1].
The substance is deposited onto substrates
as discrete portions from vapor-plasma flow
which is formed at sputtering of a target by
photon beam. The interest in Ni films and
nanoparticles is caused by their magnetic,
electric, and catalytic properties. At tradi-
tional thermal deposition of Ni onto (001)
MgO surface, the nanostructures with hex-
agonal close-packed (hcp) lattice were ob-
served [2]. When lateral sizes of granules
exceed ~5 nm, the transformation from hcp
to face-centered cubic (fee) lattice occurs by
martensite mechanism. The Ni nanoparticles
of both hep and fec structures were ob-
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tained by deposition from solutions or by
thermal decomposition of nickel organomet-
allic precursors [3, 4]. Magnetic properties
of Ni nanoparticles of hep or fee structures
corresponded to both paramagnetic state
and ferromagnetic one. Continuous Ni films
of hep or fce structure were prepared by
PLD methods [5, 6]. Only fce Ni films re-
vealed ferromagnetic properties.

The purposes of present work are to in-
vestigate the influence of thermal annealing
on structure and phase composition of Ni
laser films; to ascertain the volume changes
and orientation relationships between hcp
and fcc lattice in the films as well as the
changes of magnetic properties at thermal
annealing.
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Table. Structure of thin laser Ni films

T (K) 290 350

420

520 660 700

Phase Amorphous o-Ni (hep)

o-Ni (hep)

a-Ni (hep) a-Ni (hep) B-Ni (fcc)

A high purity nickel target was sput-
tered by nanosecond pulses of an YAG:Nd3*
laser. At Q-switch mode and at pulse repeti-
tion frequency v = 25 Hz, the wavelength
was 1.06 um. The vapor-plasma Ni flux was
deposited onto orienting substrates of KCI
single crystals split along (001) cleavage
planes. The films were separated from the
substrate in distilled water and placed onto
object grids for electron microscopic inves-
tigations. The substrate temperature was
varied within the 290 K-700 K range. The
residual gas pressure in vacuum chamber
was about 1075 Torr. Phase transformations
in the films were initiated by two ways. In
the first case, the post-deposition annealing
in vacuum was applied to the samples with-
out separation from the substrate. In the
second one, the so-called "in situ” method
was used. The film separated from substrate
was heated in the microscope column using
a special auxiliary device for sample heat-
ing. In this case, we had opportunity to
observe continuously all stages of structure
transformation.

The structure investigations were carried
on using the electron diffraction method
and the transmission electron microscopes
PEM-100-01 and EM-100L. The film orien-
tation with respect to substrate was deter-
mined using the angle between diffraction
vector g in the microdiffraction pattern and
the known substrate direction coinciding
with the film edge image. The additional
rotational displacement connected with the
Lorentz rotation of the image relative to
the diffraction pattern was compensated.
The <100> KCI| direction was used as the
known direction of the substrate. This di-
rection coincides automatically with the
image of film edge when KCI| substrate is
split along {100} cleavage planes.

The magnetic characteristics of as-pre-
pared Ni films and of those annealed at
670-700 K were investigated using a high-
sensitive vibrating sample magnetometer.
The hysteresis loops of the films were meas-
ured at room temperature using the square-
shaped samples of 1 ¢cm? area in magnetic
fields up to 1000 Oe. The field was applied
in the film plane in two mutually perpen-
dicular directions. The mean saturation
magnetization was determined by comparing
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the signals of the sample under study and
the reference one characterized by known
thickness and areas.

The following structure and phase states
of thin films laser condensates were ob-
tained at various substrate temperatures TS
(Table): (i) Amorphous films; (ii) Ni films
with metastable hcp lattice (a-Ni); (iii) Ni
films of fce structure (B3-Ni).

In Fig. 1, the electron diffraction pat-
tern and the TEM image of polycrystalline
film deposited at Tg= 350 K are shown.
The formation of the low-temperature (me-
tastable) Ni phase of hcp structure was es-
tablished by electron diffraction pattern
identification and by comparing these re-
sults with data from crystallographic tables
[7]. The mean grain size of o-Ni <D> is
5.4 nm.

Elevation of Tg above 400 K causes an
increased orientation extent of the films.
The two-position generation and growth of
o-Ni grains occur at the compliance with the
following orientation relationships between
the film and KCI| substrate. At position 1:

(110)[111Jo—Ni // (110)[001]KCI,  (la)

(110)[221Jo—Ni // (110)[001]KCIl.  (1b)

The (la) and (1b) relationships are ob-
served for crystals belonging to [111] and
[221] zone axes, respectively. In the first
case, the (559) plane of «-Ni is parallel to
(001) surface of KCI substrate. In the sec-
ond one, the (=10 10 9) plane of «-Ni is
parallel to the above-mentioned surface.

At position 2:

(110)[111Jo—Ni // (110)[001]KCI,  (2a)

(110)[221]Joa—Ni // (110)[001]KCI.  (2b)

The (2a) and (2b) relationships are real-
ized for crystals belonging to [111] and
[221] zone axes respectively. At T¢>700 K,
the epitaxial films are formed. Fig. 1c dem-
onstrates the electron diffraction pattern
and the TEM image of films deposited at Tg =
700 K. Identification of electron diffraction
pattern and comparison of the results with
the data from crystallographic tables [8]
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Fig. 1. Electron diffraction patterns, electron microscopy images and magnetization curves of films

deposited from Ni laser erosion plasma; (a) hep a-Ni film deposited at T'g = 350 K; (b) the same
after annealing at 700 K during 120 min, the structure corresponds to fcc B-Ni phase; (c) epitaxial

fce B-Ni film deposited at T'g = 700 K.

have shown that in this case, the B-Ni high-
temperature (stable) phase with fce struec-
ture is formed. The mean grain size <D> =
86.4 nm. The film grows in parallel orienta-
tion with respect to KCl| substrate keeping
within the simple orientation relationship:

(001)[110]3-Ni // (00D[110KCI  (3)

with the (001) surface of Ni film parallel to
(001) one of KCI| substrate.

It was found that the post-deposition
annealing of films in vacuum initiates the
phase transition when hep lattice of Ni
transforms to fcec lattice (Fig. 1b). The
mean grain size <D> increases from 5.4 nm
to 87.8 nm. The annealing of “free” Ni
films in the microscope column causes the
hep — fee transformation, too. There is no
noticeable changing of <D> in this case. In
Fig. 2 the result of "in situ” electron dif-
fraction investigation of «-Ni (hep) — B -Ni
(fce) polymorphic transformation under iso-
thermal annealing (Tg= 750 K, 19=
40 min) in electron microscope column is
shown. The initial o-Ni film was deposited
at Tg =420 K. In this case the partial or-
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dering is observed and the orientation rela-
tionships hereinabove marked as (1) and (2)
are kept. The diagram of electron diffrac-
tion pattern and its photo are shown in Fig.
2a and Fig. 2b, respectively. The reflections
pertaining to «-Ni crystals with [111] zone
axis in position 1 are denoted by symbol
"e". The reflections from a-Ni crystals with
[111] zone axis in position 2 rotated by 90°
in the figure plane relative to position 1 are
denoted as "m". The reflections from o-Ni
crystals with [221] zone axis in position 1
are denoted by "Q". Those from a-Ni crys-
tals with [221] zone axis in position 2 are
denoted as "[O. The identification of elec-
tron diffraction pattern of annealed film
(Fig. 2¢) has shown that B-Ni phase of fcc
structure is formed.

According to Fig. 2, the diffraction vec-
tor g =110 of oa-Ni crystals in position 1
with both [111] and [221] zone axes is par-
allel to diffraction vector g = 220 of B-Ni
crystals. Hence the following orientation re-
lationships among the initial «-Ni phase and
the final B-Ni one take place.

For position 1:
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Fig. 2. In situ electron diffraction investigation of hcp — fcec polymorphous transformation at
isothermal annealing of Ni film: (a), (b) Diagram and photo of electron diffraction pattern of Ni film

before annealing (T'g = 420 K): reflections from ® «-Ni crystals of [III] zone axis in position 1;

m o-Ni crystals of [111] zone axis position 2; O a-Ni crystals of [111] zone axis in position 1; O,
a-Ni crystals of [221] zone axis in position 2. Electron diffraction pattern of the same films after

annealing (T, = 750 K, 1, = 40 min).

(110)[111]Jo—Ni // (110)[001]3—-Ni, (42)

(110)[221]o—Ni // (110)[001]3—Ni. (4b)

The (4a) and (4b) relationships are ob-
served for crystals in position 1 which be-
long to [111] and [221] zone axes, respec-
tively.

For position 2:

(110)[111Jo—Ni // (110)[0011B—Ni, (52)

(110)[221]o—Ni // (110)[0013—Ni. (5b)

The (5a) and (6b) relationships are cor-
rect for crystals in position 2 which belong
to [111] and [221] zone axes, respectively.

When considering the histograms of
grain size distribution for Ni films before
and after annealing, it was found that in
"free” films, the «-Ni — B-Ni polymorphic
transformation is not accompanied by essen-
tial change of grain size. The mean grain
size <D> is about 12 nm in both initial
state and final one.

The relative change of Ni density y being
a result of phase transition from the state 1
with the density p; to the state 2 with the
density p, was determined "in situ” in the
microscope column according to [9]. The fol-
lowing relation was used:

_P2—py —(le—l ©)

P1 - Xy
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In the relation (6), X; and X, are the
distances between the same marks in Ni film
at initial state (1) and final state (2), re-
spectively. The film inhomogeneities, e.g.,
hardened Ni drops (so called "metal spray
effect”) have been used as the marks.

The phase transition from structure state
of hep-Ni lattice to fce-Ni one was found to
be accompanied by the film density increas-
ing. Fig. 8 illustrates the change of Ni crys-
talline lattice under the film annealing in
the microscope column using a special aux-
iliary device for sample heating. The o-Ni
film was deposited at T'g = 850 K. The film
structure (hep structure prior to annealing)
is shown in Fig. 3a. The annealing was car-
ried out at T, = 750 K during 1, = 40 min.
The film structure after annealing (fce) is
shown in Fig. 8b. The electron diffraction
pattern and photomicrography were ob-
tained after cooling of film down to room
temperature in the microscope column.

It was established that in the case of
hep — fee structure transition, the relative
change of Ni density y is 18.5+2.9 % (at
confidence level 95 %). The density in-
crease at hcp — fce phase transition agrees
with the data of the JCPDS tables. So ac-
cording [7] and [8], the density of hecp Ni
lattice py = 7.372 g/cm3 but that of fec Ni
lattice py = 8.911 g/ecm3. According to the
expression (6) vy =20.9 %. This value is
within the confidence interval of y from
15.6 % to 21.4 % we have defined in our
work.

Functional materials, 16, 4, 2009
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Fig. 3. Annealing of Ni film in electron microscope column: (a) Electron diffraction pattern and
TEM image of film in as-prepared state (hcp lattice); (b) The same after annealing (fcc lattice).

The o-Ni films of metastable hep struc-
ture do not reveal any magnetic moment
exceeding the threshold of sensitivity of our
magnetometer (see right-hand part of Fig.
la). The magnetometer threshold of sensi-
tivity corresponds to magnetization wvalue
less than 1-5 Gs at the sample geometric
parameters mentioned above.

After annealing that initiates the
hep — fee structure transformation, the
magnetic state of films changes noticeably.
Namely, the magnetic moment increases es-
sentially and hysteresis is observed at mag-
netization reversal (see right-hand part of
Fig. 1b). No anisotropy in the film plane is
revealed. The coercive force Hy~110 Oe, the
saturation field Hg~420 Oe. The similar
magnetic characteristics for epitaxial ferro-
magnetic B-Ni film of fee structure in as-
prepared state after deposition at Tg=
700 K are as follows: H=180 Oe,
Hg=700 Oe, saturation magnetization Ig =
320 Gs.

A variety of structure and phase states
of laser Ni films we observed (see Table) is
predefined by specific features of the PLD
method. The main physical parameters of
this method which define the structure for-
mation are the density of vapor-plasma flux
of sputtered metal; the flux density of gas
particles present in the vacuum chamber;
the tendency of metal to adsorb the gaseous
impurities and to form chemical compounds
therewith; the presence of ion component in
deposited flux; the orientation and the tem-
perature of substrate. At the same time,
when laser sputtering of Ni target is used,
the formation of non-crystalline thin solid
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structures is defined by the quenching of
nonequilibrium states formed on the sub-
strate immediately after deposition of each
portion of substance and the chemisorption
and implantation of gaseous impurities acti-
vated by high-energy ions of laser erosion
plasma into the films. The last circumstance
promotes the suppression of adatoms migra-
tion and of coalescence of noncrystalline
complexes.

When Tgq rises, the trapping of gaseous
impurities by the growth surface decreases.
Consequently, the migration of adatoms and
the coalescence of noncrystalline complexes
are intensified. This results in formation of
crystalline films. The discreteness of sub-
stance arrival to substrate and small thick-
ness of layer deposited during one deposi-
tion pulse initiate the action of phase di-
mensional factor. Formation of the
metastable hep o-Ni films should be inter-
preted in accordance with [10] as a phase
transition connected with the decreasing
film thickness. The transformation is condi-
tioned by the change of free energy at in-
creasing surface relative part.

The annealing at T, = 700-750 K in vac-
uum of a-Ni films (both on substrate and in
"free” state) initiates the recrystallization
processes. In the film on substrate, the re-
sult of recrystallization is the increasing of
Ni mean grain size <D> by one decimal
order and the hep — fee transformation of
the crystal lattice. The transformation in
self-supported films occurs without essen-
tial change of <D>. The lower limit of the
above temperature interval coincides with
the epitaxial growth temperature of [-Ni
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films at parallel orientation relative to
(001) KCI substrate pre-specified by relation
(3). The relation (3) is valid in the case of
thermal evaporation and deposition on al-
kali halide crystal substrate, too.

Two positions of «-Ni films on (001) KCI
substrate described by relations (1) and (2)
are conditioned by equivalence of [110] and
[110] directions on the KCI substrate. These
relations are similar to relations (4) and (5)
that describe the orientation of «-Ni and
B-Ni phases prior to and after film recrys-
tallization, respectively. This is also con-
nected with equivalence of [110] and [110]
directions of fcc B-Ni phase.

The change of the film magnetic moment
observed in this work resulting from an-
nealing may be explained by the change of
Ni crystalline structure from metastable hep
(a-Ni phase) to equilibrium fce structure (B-
Ni phase). A model is known describing the
electron structure of transition metal [11].
Within that model, the hep Ni cannot pos-
sess any spontaneous magnetization whereas
the fce Ni is ferromagnetic. If that is the
case, the change of magnetic properties
after annealing are conditioned by magnetic
phase transformation.

On the other hand, the contrary points of
view exist. In [12], it is shown that hep Ni
is ferromagnetic with a magnetic moment of
0.59up being slightly smaller than that of
the stable fcc Ni phase (0.60pg). However,
in nanodispersed thin film systems where
the grains are isolated from each other and
volume content of magnetic phase is less
than 30 %, the superparamagnetism is pos-
sible. As a consequence, a low magnetic mo-
ment will be observed in magnetic fields
below 1000 Oe.

The hep a-Ni films deposited on (001) KCI
are characterized by fine-grained polycrys-
tal structure (<D = 5.4 nm) and by absence
of magnetic moment. At the same time, the
consideration of electron microphotos shown
in Fig. la evidences a rather dense contact
of grains. The transition to ferromagnetic
state resulting from annealing of films on
substrate is followed by increase of <D> up
to 87.8 nm. This is commensurable with
grain sizes of as-prepared ferromagnetic
films with <D = 86.4 nm. Those circum-
stances reinforce the assumption that the
change in the film magnetic properties after
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annealing is conditioned by the magnetic
phase transformation.

To conclude, when rising the substrate
temperature (Tg 2300 K) at pulse laser
deposition of nickel, the following structure
and phase states of thin film laser films are
formed sequentially: amorphous state, me-
tastable hep crystalline state (a-Ni phase),
stable fec crystalline state (B-Ni phase). The
two-position nucleation and growth of o-Ni
grains on (001) KC| substrate take place at
T¢>400 K. Both positions include the
groups of crystals with axes of [111] and
[221] zones oriented along the normal to
substrate. The formation and growth of 3-Ni
film in parallel orientation relative to (001)
KCI substrate occurs at Tg > 700 K. The an-
nealing of metastable hep Ni films initiates
the polymorphous hep — fee transformation
that occurs in accordance with orientation
relationships (4) and (5) among phases and
is accompanied by relative increasing of
substance density by 18.5 % . As a result of
o-Ni — B-Ni polymorphous transformation,
the film magnetic characteristics are
changed. The films get a magnetic moment,
at magnetization reversal the hysteresis is
observed.
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CTpykTypa Ta MarHiTHM# CTaH ILIiBOK,
O0Ca/’KeHHX JIa3ePpHUM PO3NMUIIOBAHHAM HiKeJIIO

O.I'.Bazmym, I.I'.Illunkoea, B.A./Ryukxose

HocaigskeHo BILIMB Bignajy Ha CTPYKTYpPY i (hasoBuil CKJax JiasepHUX KOHIEHCATIB Hike-
at0. BusiBneno o6’emui aminm Ta opienraniiini cumisBimmomenus mixk I'IITII Ta 'IIK rparka-
MH y ILIIBKax, a TaKOM 3SMIiHM MargiTHMX xapaxkrtepucTtuk npu Bigmamai. Iloxasano, mio Ha
migraaguni (001) KCI Bumge 400 K mae micue gBomoswurtiiine sapomsxerHd it pict seper Ni si
crpykrypoto I'ITTI. O6uzaBi mosmumii MicTaATh rpynm KpucTauaiB, naa Akux oci som [111] i
[221] opieHTOBaHi 3a HOopMaJIIO HO HmigKJagKu. Bixzmasn iximiroe mosiMopdHe mepeTBOpeHHSA
TIIITI - T'IIK, oo cympoBOAKYeThCA BiIHOCHUM 30iJbIIEHHAM T'YCTUHHU pPEUOBUHU HAa
18.5 %. ¥V pesyabrari mosiMophHOro mnepeTBoOpeHHs BigOyBaeTbcda 3MiHAa MarHiTHHX Xapak-
TePUCTUK ILIiBKH: ILIiBKM HaOyBalOTh MardiTHOrO MOMEHTY, a IPU IepeMarHiuyyBaHHi cIioc-
Tepiraerncs ricrepesmuc.
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