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Abstract 

A structural investigation on sputter-deposited amorphous Pd,& alloy thin films including the medium range order (MRO) 
structure has been made by means of (1) atomic pair distribution function (PDF) analysis by electron diffraction using an imaging 
plate (IP), (2) high-resolution electron microscopy (HREM) and (3) nano-probe electron diffraction. In the PDF profile a subpeak 
for the Pd-Si correlation at a distance of 0.24 nm was observed near the first main peak for the Pd-Pd correlation. MRO regions 
were clearly observed by HREM as lattice fringe regions with a size of 1 - 3 nm. Nano-probe diffraction patterns with various 
zone-axes beam incidences revealed that the MRO structure is hexagonal with the Pd,Si-type structure (lattice parameters: 
a = 0.715 and c = 0,312 mn: space-group: Ps2m). In the MRO, Si atoms are though to occupy their sites statistically to form the 
hexagonal structure with the Pd,Si composition. The nearest neighbor Pd-Si and Pd-Pd distances obtained from the 
nano-diffraction structure analysis coincided with those obtained from the PDF analysis. An examination was made on the local 
structure model of the present alloy. 
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1. Introduction 

Atomic structures in amorphous alloys are generally 
understood in a statistical manner through the atomic 
pair distribution function (PDF) analysis mainly per- 
formed by X-ray and neutron diffraction [1,2]. On the 
other hand, high-resolution electron microscopy 
(HREM) has been applied to the observation of amor- 
phous alloys in recent years for the visualization of 
local atomic structures [3-51, and medium range order 
(MRO) structures have been observed in various amor- 
phous alloys [6,7]. 

In order to understand atomic structures in amor- 
phous alloys comprehensively, it is now necessary to 
correlate averaged structural information by diffraction 
to local information by HREM and nano-probe elec- 
tron diffraction, especially when amorphous structures 
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include MRO or have a nano-crystalline nature. In this 
study we have tried a structure analysis on sputter-de- 
posited amorphous Pd,$iZ5 thin films with the MRO 
structure. For the averaged structure, PDF analysis was 
made by taking advantage of the imaging plate (IP) 
technique which has a wide dynamic range and excel- 
lent linearity for electron intensity [8,9]. For the local 
structure analysis, nano-probe electron diffraction was 
applied to the MRO structure analysis. MRO mor- 
phologies were studied by HREM. 

2. Experimental 

Thin amorphous Pd7& films with thicknesses of 
about 6 to 10 nm were deposited on NaCl substrates in 
an Ar-beam sputtering device with a cryo-pump evacu- 
ation system. The substrate temperature was kept be- 
low room temperature during sputtering by cooling the 
substrate. An alloy disk with a composition of Pd,,& 
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was used as the sputtering target. The compositions of 
the films were determined by energy dispersive X-ray 
spectroscopy with the help of reference samples. 

Diffraction intensity in selected-area electron diffrac- 
tion (SAED) was recorded and read by using a TEM-IP 
system (PIXsysTEM) [8]. The intensity was recorded on 
TP equipped in a 200 kV electron microscope (JEM- 
2010). The pixel size of IP was 50 x 50 pm* and the 
intensity recorded was divided by 4096 grey levels. The 
intensities were digitized using a work-station computer 
which was followed by the PDF analysis. In order to 
collect only the elastic electron intensities, inelastic in- 
tensities were removed by taking advantage of electron 
energy-loss spectroscopy (EELS). The detail of the 
procedure is reported elsewhere [lo]. Nano-probe elec- 
tron diffraction was performed using a field-emission 
transmission electron microscope (FE-TEM: JEM- 
2010F) operating at 200 kV. In recording the diffrac- 
tion patterns, both IP and electron microscopic f&n 
recording were used. In the nano-diffraction, the cam- 
era-length was corrected by using a reference nano-dif- 
fraction pattern from fine gold particles. Structural 
observations by HREM, and a supplemental specimen 
heating experiment were made in an electron micro- 
scope operating at 200 kV(JEM-2010). 
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Fig. 1. (a) Structure factors of an amorphous Pd,,Si,, alloy thin film. 
Bold curve represents S(Q) with elastic scattering. Light curve, S(Q) 
with total scattering. (b) PDF profiles of the amorphous Pd,,Si,, 
alloy thin film obtained from S(Q) with elastic scaitering (bold) and 
from S(Q) with total scattering (light). 

Fig. 2. HREM image of an amorphous Pd,,Si,, alloy thin fiim. MRO 
regions with clear crossed-lattice fringes are encircled. In spite of the 
dense form&ion of the MRO regions, the halo-diffraction pattern is 
taken by SAED (see in the inset). 

3. Results and discussion 

3.1. PDF analysis by electTon djjfraction 

Diffraction patterns by SAED were recorded on the 
IP with two different exposure times of 0.2 and 45 s 
under the same camera-length (corrected using a dif- 
fraction pattern from Au reference particles), and their 
intensities were normalized at a common scattering 
angle position, in order to measure intensities from the 
wide scattering angle range. Averaged intensities were 
obtained along the radial direction in reciprocal space 
up to the scattering vector Q = 250 nm -I (Q = 477 sin 
e/h: 8 is the half scattering angle and ?L, the electron 
wavelength). In EELS plasmon-loss peaks were clearly 
observed especially at the low scattering angle side. 
EELS profiles were recorded step-wise with respect to 
the scattering angle. From the ratio of the elastic 
intensity to the total intensity, elastic intensity was 
obtained at each scattering angle. The ratio approaches 
unity when the scattering vector becomes larger than 
Q - 105 nm-’ and the ratio could not be measured 
because of very weak inelastic intensities. 

The structure factor S(Q) for the obtained elastic 
electron intensities is shown in Fig. 1 (a) by the bold 
line, while S(Q) from intensities including the inelastic 
intensities is shown by the light line. It is noted that the 
S(Q) after the inelastic intensity correction is a little 
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Fig. 3. Nano-diffraction patterns taken from various kinds of MRO regions with a beam size of about I-1.5 nm. Diffraction spots are indexed 
according to the analyzed hexagonal structure. Beam incidences are along [lTO] (a), [2i4] (b) and [320] (c) of the hexagonal MRO directions. 

sharper. Fig. l(b) shows the obtained PDF profile for 
the present Pd,,Si,, thin film specimen. Both of the 
profiles with (bold line) and without (light line) the 
inelastic intensity correction are quite similar, but a 
slight difference is seen especially near, and at, the first 
main peak. The atomic coordination numbers obtained 
with and without the intensity correction are 9.27 and 
8.12, respectively [lo]. The value with the intensity 
correction is closer to that obtained by neutron diffrac- 
tion for an amorphous Pd,,Si,, ribbon specimen [l 11. 
The atomic correlation peak between Pd-Si at 0.24 nm 
is clearly observed beside the Pd-Pd correlation peak 
at 0.25 nm. In Pd-Si amorph0u.s systems the Pd-Si 
peak has been observed only by neutron diffraction 
techniques [ll]. Therefore, it is demonstrated that the 
IP technique is quite helpful in the PDF analysis by 
electron diffraction. 

3.2. HREM inmges 

As we already found [12] in rapidly quenched ribbon 
specimen with a composition of Pd,jSi,,, MRO regions 
with a size of about 1 to 3 nm were frequently observed 
as localized lattice fringe images with fringe spacings of 
about 0.22 to 0.24 nm. Fig. 2 shows an example of the 

Table 1 
The observed nano-diffraction intensities (I,,,,) and calculated reflec- 
tion intensity ratios (jF,~,,/2/lF,,,~ x 100) for the Pd,Si-type MRO 
structure. Interplanar spacings for (hkl) planes are also given 

hkl d mm1 le?ki/2/l&o*12 x 100 zgj 

110 0.358 7.40 w 
001 0.312 3.44 W 
111 0.235 55.04 S 
121 0.235 55.04 S 
120 0.234 58% S 
201 0.220 58.55 s 
002 0.156 100.00 vs 
230 0.142 3.43 VW 
322 0.130 20.43 M 
231 0.129 17.65 M 

HREM image from the specimen. In spite of the obser- 
vation of halo-patterns in SAED typical of the amor- 
phous structure (in the inset), MRO regions with 
crossed-lattice fringes were frequently observed in the 
HREM images. Examples of such regions are seen in 
the encircled areas in Fig. 2. The MRO regions with a 
crossed-lattice fringe angle of about 62 degrees were 
frequently observed in the present Pd,,Si,,. These ob- 
served crossed-fringe angles, in addition to the above 
mentioned lattice fringe spacings prove that the MRO 
structure is different from the fee-Pd structure which is 
found as the MRO structure in Pdl,,-,Si, amorphous 
alloys with x - 20 [13]. (In the case of MRO images 
with the fee-Pd structure, angles of crossed-lattice 
fringes for two sets of {l 1 l} planes are always about 
70 degrees even under small-angle-tilted (1 0 1) zone 
incident conditions [ 13].) 

3.3. Nano-diffraction pattern analysis 

With a beam size of about 1 - 1.5 nm, nano-probe 
electron diffraction was performed. The diffraction pat- 
terns were mainly taken by selecting areas at random, 
but partly taken by selecting crossed-lattice fringe areas 
with the help of the HREM and TV system. Fig. 3 (a), 
(b) and (c) show examples of the obtained nano-beam 
diffraction patterns. In spite of the disturbance of dif- 
fuse halo background intensities, single crystal zone- 
axis patterns can be observed. By analysing various 
zone-axis patterns it was concluded that the reciprocal 
lattice of the MRO structure can be explained by 
assuming the hexagonal Pd,Si-type structure (space- 
group; Pg2m) [14]. The obtained lattice parameters are 
a= 0.715 and c = 0.312 nm. They could not be ex- 
plained by the orthorhombic Pd,Si structure [ 151, which 
is well known as a stable structure isomorphous with 
Fe&, nor by other palladium silicides reported: Pd$i 
1161, PdSi [17], Pd$i [18] and Pd,Si, [19]. Table 1 shows 
the observed nano-diffraction intensities (&) and cal- 
culated reflection intensity ratios (j&rj2/jFoo$ x 100) 
for the Pd,Si-type MRO structure. Observed relative 
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Crystallographic data of the Pd,Si-type MRO structure 

atoms sites occupancy 

3Pd 3g: 0, ;; 0, i; - - x, x, x, x, i 5. s = 0.565 1.00 
3Pd 3f: x, 0, 0; 0, 0; x, z, 8, 0. x = 0.250 1 .oo 
2Si 2c: f  

d, 
5 0. 
d, ; 

210 3, 3, 0.85 
1Si lb: 0.30 

Space group P62m; a = 0.715 nm, c = 0.312 nm. 

intensities with respect to the standard intensity I,,, 
were found to vary for every nano-diffraction pattern 
with a variation range of about 20 percent. This was 
supposed to be due to the slight off-zone-axis excita- 
tions of the nano-diffraction net patterns and also due 
to the multiple-scattering. Therefore, the observed in- 
tensities were classified into five ranks for convenience. 
The relative intensities in the table were calculated by 
taking the positional parameters of Pd and occupation 
parameters of Si as variables so that the relative intensi- 
ties became closest to those of the observed intensities. 
The 001 intensity became negligibly small and against 
the observation when we took equivalent occupancies 
for the two Si sites or when the occupancy at lb is 
larger than that at the 2~. site. To this structure a 
composition Pd,Si was assigned. The obtained posi- 
tional parameters of Pd, and the Si occupation parame- 
ters are given in Table 2. Fig. 4 shows a schematic 
representation of the most possible model for the MRO 
structure of the Pd,Si-type which is based on the inten- 
sity calculation as mentioned above. Pd atoms at 3g 
sites form trigonal prisms with central Si atoms at 2c 
sites, while Pd at 3f sites are capping atoms for the 
Pd(3g) prisms but also form trigonal prisms with cen- 
tral Si at lb sites. From the structure determined, we 
can get information on the nearest neighbor atomic 
distances. The nearest Pd-Pd and Pd-Si distances ob- 

Fig. 4. Schematic representation ‘of the hexagonal Pd,Si structure. 
Lattice parameters: a =0.715 nm, c=O.312 nm. Trigonal prisms 
formed by Pd atoms are seen. 

tained are 0.27(4) and 0.23(7) m-n, respectively, which 
are quite close to those obtained from our PDF analy- 
sis. 

On the basis of coherent beam nano-diffraction the- 
ory [20] nano-diffraction patterns for the hexagonal 
MRO structure were calculated [21]. The calculation 
was made for a structure model with the central spher- 
ical MRO embedded in a dense-random packing (DRP) 
structure of Pd-Si atoms. The calculated diffraction 
patterns could explain the obtained diffraction patterns 
quite well. It was also found that intensities scattered 
from the MRO regions are easily weakened by the 
multiple scattering between the waves scattered from 
MRO and DRP regions even in the case of the struc- 
ture with a total thickness of 9 nm. Based on the 
calculation, it was demonstrated that [OOl] zone-axis 
pattern from the hexagonal MRO easily fades away in 
the scattering process and intensities and arrangements 
of strong diffraction spots with g-fold symmetry on the 
first halo-diffraction ring drastically change. This is the 
reason why [OOl] pattern from the MRO can hardly be 
observed by the nano-diffraction in the as-foimed spec- 
imen. The 6-fold [OOl] diffraction pattern could be 
observed in the specimen annealed at 170 “C [21]. 

3.4. Anzorplzous structure model and PDF calculation 

On the basis of MRO structure and its morphology 
investigated in the present study by nano-diffraction 
and HREM, we can make an amorphous structure 
model which characterizes the present amorphous 
Pd,,Si,, alloy structure. As a trial model, a spherical 
MRO (hexagonal-Pd,Si structure) with a size of 2.2 nm. 
was made and was centered in a giant cell with a size of 
3.2 x 3.2 x 3.2 nm3. The central MRO was composed 
of about 400 Pd-Si atoms and was embedded in about 
1800 DRP atoms with the Pd,,Si,, composition. Then 
the structure was relaxed by using Lennard-Jones 
atomic potentials for the Pd-Pd, Pd-Si and Si-Si 
atom pairs [22] under the periodic boundary condition. 
The shape of the calculated PDF roughly corresponds 
to that observed. It was found that the calculated PDF 
in this study gives a better correspondence to the ob- 
served PDF, than in our previous model in which the 
orhtorhombic-Pd,Si MRO was embedded in DRP 
structure [lo]. 
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