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Using transmission electron microscopy, electron diffraction, and vibrating sample
magnetometry techniques, studied have been the films of Pd, Ni, and a Ni-Pd alloy
deposited by pulsed laser ablation both of single-element and composite two-element Ni—-Pd
targets. It was established that at alternate deposition of laser erosion Ni and Pd plasma,
films with metastable hexagonal (hep) crystal lattice can be formed. Crystallographic
parameters of this lattice grow monotonically with increasing Pd content. After annealing,
these films take the equilibrium cubic (fcc) structure and transform to ferromagnetic
state. The dependence of the solid solution lattice constant of Ni—Pd alloy on the Pd
concentration exhibits a positive deviation from the Vegard’s law.

MeTomaMu TpocBeUMBAIOIIEH SJIEKTPOHHON MUKPOCKOIIHNU, 9JeKTPOHOrpaduu M BUOPAIIUOH-
HOM MarHuromerpun wucciemoBanbl mieHku Ni m cmiaasoB Ni—Pd, ocaskaeHHBIe HMITYyJIbLCHBIM
JIa3epHBIM pAacIblIeHrneM KaK OJHODJIEMEHTHBIX, TaK U COCTABHBIX ABYX9JE€MEHTHBIX MUIIIeHeit
Ni—Pd. VcramosieHo, 4TO mpy IIOIEPEMEHHOM OCAXKIAEHHM JIAa3e€PHOU spo3noHHOM miasmbl Ni u
Pd Ha mommoskax mMoryt ()OpMHUPOBATHLCA ILJIEHKH C METACTAOMJILHON KPHUCTANJIMYECKON peller-
koii I'TIY, mapameTpsl KOTOPO MOHOTOHHO BO3PAaCTAlOT ¢ yBejudeHueMm cogepskanusa Pd. ITocie
OTJKHUTa TJIEHKU INPUoOpeTairoT paBHoBecHYI0 cTpyKTypy I'lIK u mepexomsaT B (eppoMarHuTHOE
cocrosgHre. HabrogaeTcs MOJOKUTEIbHOE OTKJIOHEHNEe OT 3aKOoHa Berapga 3aBUCHUMOCTHU IIOCTO-
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SIHHOM pemieTKu TBepgporo pacrsopa cruraBa Ni—Pd ot xomuenrpamuu Pd.

1. Introduction

In bulk state, Ni, Pd and alloys of Ni—Pd
system which is characterized by the com-
plete mutual solubility of components in
both solid and liquid states have face-cen-
tered cubic (fcc) crystal lattice [1]. While
hexagonal close-packed (hep) structure (a-Ni
phase) along with equilibrium fec structure
(B-Ni phase) is possible in thin film and
nanocrystalline states. The «-Ni phase has
been observed at electron diffraction pat-
terns research of Ni films deposited by ther-
mal evaporation in vacuum. An interpreta-
tion of hep Ni formation based on the phase
size effect has been proposed [2]. This effect
is associated with the free energy change of
the film-substrate system at increasing rela-
tive fraction of surface when the film thick-
ness decreases. The crystallographic pa-
rameters of o-Ni and B-Ni phases according

12

to the tables of International Center for Dif-
fraction Data — JCPDC are cited in [3, 4].
In recent years, the interest in the Ni
films and nanoparticles as well as Ni—Pd
ones rises sharply. It is due to their mag-
netic, electrophysical, and catalytic proper-
ties. Moreover, the Ni—Pd alloys are very
promising for medical purposes as the mate-
rials for self-controlled hyperthermia [5]. Ni
nanoparticles of both hep and fec phases
have been obtained by chemical synthesis
[6]. The preparation of Ni nanoparticles hav-
ing nonequilibrium hecp lattice by sol-gel
method was described in [7]. The sol (the
solution of Ni(NO3), and CgHgOg) was
heated to form gel. The latter was used as a
precursor for synthesis of Ni particles at
heat-treatment in argon atmosphere. The
powders consisting of Ni particles of hep
structure only or fcc one as well as a mix-
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ture of two types of particles were obtained
depending on heat-treatment temperature.

The data concerning to magnetic proper-
ties of «-Ni nanoparticles are ambiguous.
According to [6], the nanoparticles of di-
ameter D ranging from 8.5 to 18 nm show
antiferromagnetic behavior while 3-Ni
nanoparticles of 11-26 nm diameters reveal
ferromagnetic properties. In a number of
works, there are the data that a-Ni nanopar-
ticles may be in nonmagnetic, antiferromag-
netic, and ferromagnetic states [8].

The island Ni films with hep crystal lat-
tice have been obtained during heteroepi-
taxial growth of Ni onto (001) MgO surface
at the substrate temperature T,= 390 K
[6]. However, the transformation of hep lat-
tice to fecc one occurred by martensite
mechanism when the island lateral size in-
creased (above ~5 nm). The formation of Ni
islands having unstable hep lattice was ex-
plained in by pseudomorphism. According to
this phenomenon, at an initial stage of
growth the crystalline lattice of film was
arranged to that of substrate.

Today, the formation of metastable hcp
phase in Ni films is a well-established fact
[10]. Continuous films of both a-Ni and B-Ni
were obtained by pulsed plasma evaporation
technique in [10, 11]. Only the B-Ni films have
revealed ferromagnetic properties. The o-Ni
films and hcp films of «-NizN phase which was
formed in nitrogen atmosphere of 102 Torr
had no ferromagnetic properties [11].

A specific feature of pulsed laser deposi-
tion (PLD) method consists in the discrete
delivery of periodic flux of laser erosion
plasma comprising electron, ion and neutral
components to substrate. The nucleation
and growth of clusters on the substrate pro-
ceeds in nonequilibrium conditions predeter-
mining the formation possibility of metas-
table structural states. That method was
used to obtain the continuous Ni films of a
metastable hcp structure [12-17]. The vol-
ume changes [14] and orientational relations
[15] between crystalline lattices were estab-
lished in the course of the hcp-fce transition
at annealing. It was confirmed that only fcc
Ni films possess the ferromagnetic properties.

According to [17], the formation of hcp
phase is possible not only in Ni films but
also in Ni—Pd alloy ones if the PLD method
is used. The aim of this work is to obtain
and to investigate the structure, phase com-
position and magnetic characteristics of
films deposited by laser sputtering of com-
bined targets of Ni and Pd.
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2. Techniques

The films were deposited in vacuum onto
the (001) KCI substrates disposed on the
path of vapour plasma flux. The flux was
formed by sputtering of target using pulses
of an LTI PCh-5 optical quantum generator
operating in a @-switched mode. The laser
wavelength and the pulse repetition rate
were 1.06 um and 25 Hz, respectively.
During deposition, the residual gas pressure
in vacuum chamber was 107® Torr. The sub-
strate temperature T, was about 440-
450 K.

The rotating disks consisting of sectors
made of high-purity Ni and Pd were used as
targets subjected to sputtering. The rota-
tion frequency was 55-85 s~1l. This tech-
nique allowed us to deposit laser erosion
plasma of Ni or Pd onto substrate alter-
nately. The ratio C,; = Spy/Sy of the area
scanned by the laser beam over the palla-
dium surface Spy to the total disk surface
area S, was varied between 0, 0.25, 0.5,
0.75 and 1. This way allowed us to obtain
both single-element films of Ni (Cy; = 0) or
Pd (Cp; = 1) and the films of Ni-Pd alloys.
The film thickness was about 28-30 nm.
Structure and phase transformations were
initiated by annealing of the films in wvac-
uum without separation from substrates.
The temperature T, and annealing period 7
were 710-720 K and 3 h, respectively.

The films were separated from substrates
in distilled water and transferred onto cop-
per grids for electron microscopic investiga-
tions. The structure was studied by electron
diffraction and transmission electron mi-
croscopy using PEM-100-01 and EM-100L
electron microscopes. The scale of the elec-
tron diffraction patterns was estimated by
the traditional technique using calibration
thin film of polycrystalline Al. Basing on
bright field electron micrographs of the
films, the mean values of grain sizes D were
determined prior to and after the annealing.

The magnetic properties of the films in
as-deposited state and after annealing were
studied using a high sensitive vibrating
sample magnetometer. Hysteresis loops were
measured at room temperature for the sam-
ples of square shape with an area of ~1 cm?
in magnetic fields up to 1000 Oe applied at
two mutually perpendicular directions in
the film plane. The mean saturation mag-
netization Ig were determined by comparing
signals of the reference sample and tested
one of known area and thickness.
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3. Resultls and discussion

Fig.la shows the electron diffraction pat-
tern, its scheme and the electron mi-
crograph of the film deposited at substrate
temperature T, = 440 K by pulse laser sput-
tering of Ni target (C;; =0). The film is
polycrystalline, the mean grain size D
amounts 5.9 nm. The experimental electron
diffraction pattern (see left upper part of
the Figure) is combined with theoretical one
(see left bottom part of Figure) for the poly-
crystal of hep structure. The circle radii of
the theoretical electron diffraction pattern
satisfy the equation:

R= G\/%(hz + Rk o+ k) + %zz. )

It is taken into account in the Eq. 1 that
for hep structure the ratio of parameters of
crystal lattice unit cell G = ¢/a =83 , G is
the scale factor, A, k, I are the Miller’s
indices for crystal planes. For hep struec-
ture, the reflexes with odd value of (4h +
2k+31)/3 are forbidden. Therefore, the cir-
cles with diameters satisfying to such equa-
tion do not show in the theoretical electron
diffraction pattern. If the experimental
electron diffraction pattern corresponds to
that of hep film, it is possible to obtain
complete coincidence of the rings of the ex-
perimental electron diffraction pattern with
the circles of the theoretical one by chang-
ing the scale factor G. Since this is observed
for experimental electron diffraction pat-
tern shown in Fig.la, we have attributed to
the reflexes numbered as 1, 2, 3 and so on
the &, k, I indices of hcp lattice.

The interpretation of the electron diffrac-
tion pattern shown in Fig.la evidences that
the metastable a-Ni phase with parameters
a = 0.265+0.001 nm, ¢ = 0.432+0.001 nm and
y = 1.63£0.01 is formed during laser deposi-
tion of Ni onto KCI substrate at T, = 440 K.
These values are close to data from [6, 7]
obtained by X-ray diffraction analysis of
hep Ni nanoparticles.

As a result of annealing (t; = 8 h, T; = 710 K)
the crystalline lattice of Ni films is trans-
formed. The electron diffraction pattern, its
scheme, and the electron micrograph are
shown in Fig.1b. After annealing, a low or-
dering of Ni layer arises in parallel orienta-
tion relative to (001) KCI substrate. The
mean grain size D of Ni increased to
62.7 nm after annealing. The circle radii of
the theoretical electron diffraction pattern
of fece polyerystal satisfy the equation:
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Fig.1. Electron diffraction patterns with
schemes and electron micrographs of struc-
ture of the films deposited at T, = 440 K by
pulse laser sputtering. (a) Sputtering of Ni
(Cyr = 0), as-prepared state. (b) The same
after annealing of the film. (¢) Sputtering of
composite 0.5Ni—0.5Pd target (C,, = 0.5), as-
prepared state. (d) The same after annealing
of the film. The electron diffraction pattern
contrast is inverted.

R=GVR2+K2+ 12 , 2)

the reflexes of the same evenness being al-
lowed for fcec structures. Since in Fig.1b the
rings of the experimental electron diffrac-
tion pattern coincide with the circles of the
theoretical electron diffraction pattern for
fce structure, we have to attribute the 4, k&,
[ reflection indices to fcc lattice. After anneal-
ing the film acquires the fee structure with the
lattice parameter ay = 0.352+0.001 nm.

As the result of the sputtering of com-
posite 0.75Ni—0.25Pd (C,; = 0.25) target
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Fig.2. Histograms of grain size distribution in
the films obtained by pulse laser deposition. (a)
Sputtering of Ni (C,, = 0), as-prepared state.
(b) The same after annealing of the film. D is
the grain size, f is the frequency function. Dot-
ted curve corresponds to probability density of
normal distribution of D.

and 0.5Ni—-0.5Pd (C,; = 0.5) one, the Ni-Pd
alloy films are formed onto substrates.
Their crystal lattices corresponded to hcp
structure, too. In Fig.le, the electron dif-
fraction pattern, its scheme, and the elec-
tron micrograph of the film deposited at
substrate temperature T, = 440 K using
laser sputtering of composite 0.5Ni—0.5Pd
target are shown. The film is polycrystalline
with the mean grain size D = 5.4 nm. The
formation of Ni—Pd alloy film with metastable
hep crystal lattice takes place. The film pa-
rameters are as follows: ¢ = 0.273+0.001 nm,
¢ =0.451+0.001 nm and y = 1.65+0.01. As a
result of the annealing, the film crystal lat-
tice is transformed to fcc structure with pa-
rameter ag= 0.374+0.001 nm. The  value
increases up to 36.3 nm.

Fig.2 shows the histograms which charac-
terize the distribution of D measuring data in
as-prepared films and annealed ones. On the
all diagrams, the values of f corresponding to
relative frequency density of D values are
exposed on the ordinate axis. By definition:
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where n; is the frequency of values of D
lying in the i-th interval, AD is the width of
the interval, N is the total number of meas-
urements. For reference, the broken curves
corresponding to normal distribution prob-
ability density f, are shown on the plots:

_ 1 _(D»-Dy? (4)
fn= oN2n exp( 262 j’

where ¢ is the standard deviation of D (G is
equal to 1.4 and 24.6 nm for Fig.2a and 2D,
respectively). Comparing the f, curve and
the arrangement of histogram columns evi-
dences that the distribution of grain sizes is
similar to the normal one.

The films with hep lattice are formed
onto (001) KCI substrate at T, =440 K at
the sputtering of Ni, 0.75Ni—-0.25Pd, and
0.5Ni—0.5Pd targets. However, at 0.25Ni—
0.75Pd target sputtering (Cp; = 0.75) the
films of both hep and fee phase are formed.
For hcp phase, a = 0.276+0.001 nm, ¢ = 0.452 +
0.001 nm and y = 1.64+0.01. For fcc one, a, =
0.380 nm. Parameter y is close to theoreti-
cal value for close-packed structure, viz. to
(8/3)1/2 = 1.633. At the same time, the pa-
rameters of hep structure (a and c¢) increase
monotonically when palladium content in
the film increases (Cj; increase from 0 to
0.75). This fact is illustrated in Fig.3 for
the parameter a. The straight line, plotted
according to the least-squares method, is a
regression line of the parameter a of hep
cell on Cp;. The correlation coefficient de-
scribing a tightness of linear connection be-
tween Cj; and a values is close to 1 in this case.

In all cases, the film after annealing
gains the fcec structure. Under assumption
that Cj; coincides with the molar concentra-
tion of Pd in the film, our experimental
data agree satisfactorily with data from
other authors for Ni—Pd alloys in bulk state
[1]. In Fig.3b the dependence of the con-
stant ag versus C,; for the solid solution
having intermediate content is shown. The
solid curve is the result of fitting of experi-
mental points by least-squares method using
the polynomial of degree 3. In accordance
with Vegard law [18], in the simplest case,
the ay value depends linearly on molar con-
centration of one of the components. For
comparison, in Fig.3b the broken curve is
plotted using the equation:
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Fig.3. Dependence of the lattice parameters of
Ni—Pd solid solution on the sputtered target
composition. (a) Dependence of the parameter a
for hep cell vs Pd content in sputtered target.
(b) Dependence of the lattice parameter a; of
Ni—Pd solid solution vs sputtered target compo-
sition (solid line). Dotted straight line is drawn
according to Vegard law using relation (5). ¢ —
Electron diffraction data of thin film state

measuring in present work. ° — Data concern-
ing to bulk Ni-Pd system [1].

ag = ag(Ni) - (1 = Cpp) + ao(Pd) - €y, (5)

where ag(Ni) and ay(Pd) are the lattice pa-
rameters of pure Ni and Pd components, re-
spectively. A comparison between line 1 and
line 2 evidences positive deviation of the
ao(Cpy) dependence from Vegard law, since
curve 2 joining the experimental points of
lattice parameter values lies above line 3.
The positive deviation from Vegard law is
typical of the alloys with concave liquidus
in phase diagram that is the case for Ni-Pd
system [19]. At the same time, a linear de-
pendence of lattice parameters of solid solu-
tion (both a and c¢) versus C,; (see straight
line in Fig.3a) presupposes that Vegard law
is realized within a limited interval of Pd
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Fig.4. Magnetization curves of the films ob-
tained by pulse laser deposition and those
annealed on substrate. (a) Sputtering of Ni
(Cyr = 0). (b) Sputtering of composite 0.75Ni—
0.25Pd target (C,, = 0.25). (c) Sputtering of
composite 0.5Ni-0.5Pd target (C,, = 0.5). (d)
Sputtering of composite 0.25Ni—0.75Pd tar-
get (C;; = 0.75).

concentrations where the films before an-
nealing had hcp crystalline lattice.

The measurements of magnetic charac-
teristics has shown that Ni and Ni—Pd alloy
films with metastable hep structure magnet-
ized in the fields up to 1000 Oe did not
exhibit magnetic moment above the sensi-
tivity threshold of magnetometer used. This
sensitivity threshold for above mentioned
sizes of the samples under study corre-
sponds to magnetization values not exceed-
ing 1-5 G. After the annealing that initi-
ated the hep—fce phase transformation, the
magnetic state of Ni-Pd films with Cy; = 0-0.5
changed sharply. The magnetic moment in-
creased considerably and the hysteresis is
observed at magnetization reversal (see
Fig.4a, 4b, 4c). The in-plane anisotropy was
absent. For Ni films, the coercive force
H~120 Oe, the saturation field Hg~250 Oe.

Functional materials, 18, 1, 2011
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The similar data for 0.75Ni—0.25Pd films
were H~130 Oe, Hg~500 Oe (Fig.4b). For
0.5Ni-0.5Pd films, H, was 210 Oe and Hg
was 500 Oe. Similar changes of magnetic
moments of Ni films after annealing accom-
panied by structure transformation from
hep to fee lattice have been observed in [13,
15-17]. The films with a high Pd concentra-
tion (Cp;>0.75) did not possessed magnetic
moment neither before nor after the anneal-
ing (Fig.4d). It shout be noted that in bulk
state at room temperature the range of fer-
romagnetic alloys [1] is limited with the
same concentration range as in examined
Ni—Pd films after annealing.

4. Summary

It was established that pulse laser depo-
sition method makes it possible to obtain
not only the Ni films of metastable hcp
structure but also Ni—-Pd alloy films in the
course of alternating sputtering of the Ni
and Pd components of composite target. The
hep lattice parameters (@ and c¢) of Ni—Pd
alloy films increase monotonically with in-
creasing palladium content in sputtered tar-
get from 0 to 75 % . At the same time, the
ratio c¢/a is close to the theoretical value
1.63 within the experimental error. As a
result of the annealing, the Ni and Ni-Pd
alloy films acquire the equilibrium fcc
structure. A positive deviation of the de-
pendence of solid-solution lattice constant
on Pd content from Vegard law takes place.
In as-prepared state, Ni and Ni-Pd alloy
films with the hep structure are charac-
terized by absence of magnetic moment.
After annealing, the transition to ferromag-
netic state occurs, the hysteresis is observed
at magnetization reversal.
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I'lIIII Ta TTIK ¢das3u y TOHKOMIIBKOBUX JIa3€PHHUX
xKonamencarax Ni—-Pd

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

Metogamu mnpocBiuyBaHol eneKTPOHHOI MiKpockorii, esekrpomorpadii rta Bibpamiiimoi
marsiromerpii mocaimxeno maiBxkm Ni ta cunasiB Ni—Pd, ocamsxeni imMmyascHum JasepHUM
POSIUIIOBAHHAM SIK OZHOEJEeMEHTHHX, TaK i KOMIIOHOBaHUX ABoeneMeHTHuX Mmimreneir Ni—Pd.
VceraHoBIeHO, 1[0 IpU IIOIEepeMiHHOMY ocaiKeHHi JasepHoi eposifirmol mmasmu Ni ta Pd ma
TifKJIaJKaX MOMKYTH (hopMyBaTHCA ILUIIBKM 3 MeTacTabiIbHOI0 KPUCTANIIYHOIO PEIIiTKOIOo
TTIIIII, nmapamerpu AKOI MOHOTOHHO 3pocTaloThb 31 s8b6inmpmienHsm Bmicty Pd. Ilicas Bigmamy
HJIiBKM OTPUMYIOTH pPiBHOBasKHY cTpyKTypy ['IIK i mepexogsars y depomaruiTHuil cras.
Croocrepiraerbcsa IOSHTHUBHE BigxumieHHs Bixm 3akoHy Berapga sameskHocTi crasoi pemritTkm
TBepzoro posunny ciiaBy Ni—Pd Bix xormenTpamii Pd.
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