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Electron diffraction and high-resolution electron microscopy study
of an amorphous Pd82Si18 alloy with nanoscale phase separation

Tadakatsu Ohkubo and Yoshihiko Hirotsu
The Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan

~Received 24 September 2001; revised manuscript received 9 August 2002; published 4 March 2003!

A structure model of nanoscale phase separation has been proposed for a structure of an amorphous Pd-Si
alloy with the eutectic composition on the basis of electron diffraction and high-resolution electron microscopy
~HREM!. A sputter-deposited amorphous Pd82Si18 alloy film with a thickness of about 10 nm was specially
used in order to minimize the effect of multiple scattering. A local atomic ordering with sizes of 1–2 nm was
observed by HREM, similar to that observed in liquid-quenched ribbon specimens. From HREM images and
nanodiffraction analysis, the atomic structure of the ordering regions was determined to be of the fcc-Pd type.
Atomic pair distribution function~PDF! analysis for the thin-film alloy was performed by precise measurement
of haloelectron-diffraction intensity using the imaging-plate technique. In the diffraction intensity analysis, the
inelastic part of intensity was removed by an intensity correction using electron energy-loss spectroscopy. In
order to explain the results of HREM, nanodiffraction, and PDF studies comprehensively, a nanoscale phase-
separation structure model has been constructed with the help of reverse Monte Carlo calculation. A structure
model with fcc-cluster regions embedded in a dense-random-packing structure of Pd and Si was finally
obtained. The model proposed here is thought to be typical for amorphous alloys with near-eutectic composi-
tions cooled under limited cooling rates.

DOI: 10.1103/PhysRevB.67.094201 PACS number~s!: 61.14.Lj, 61.43.Dq
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I. INTRODUCTION

Atomic short-range-order~SRO! structures in amorphou
alloys have been analyzed mainly by x-ray and neut
atomic radial distribution function~RDF! or pair distribution
function ~PDF! analyses.1,2 In these studies, atomic dis
tances, coordination numbers, and coordination polyhe
have been mainly discussed. According to the struct
analyses of amorphous alloy ribbons and films w
transition-metal-metalloid~TM-M ! systems, trigonal prisms
formed by a central metalloid and the surrounding six me
atoms are always predominant as their SRO structures.3 The
trigonal prisms often accompany capping metal atoms on
three prism planes, and as a consequence, a nine-ne
neighbor coordination is often realized. In recent yea
atomic medium-range order~MRO! is frequently argued as
being more appropriate.3–6 The MRO structures analyzed s
far from x-ray and neutron diffraction correspond to those
short-range MRO,3 in which atomic correlation ranges ove
distances of about 0.3–0.5 nm. The above SRO and sh
range MRO structures, however, have been so far analy
based on the concept of homogeneous-structure system

We carried out high-resolution electron microsco
~HREM! studies of TM-M amorphous alloys with eutect
compositions. In ana-Fe84B16 ~hereafter, ‘‘a-’’ denotes
‘‘amorphous’’! ribbon specimen, locally ordered regions
small as 1 nm with a bcc-Fe~B! structure~B is well presumed
to be dissolved in the structure! were observed as loca
crossed-lattice fringe images under a suitable defo
condition.7 Also in a-Pd77.5Cu6Si16.5 ~ribbon8! and
a-Pd82Si18 ~film,9 ribbon10! alloys, locally ordered regions
with a fcc-Pd~Si! structure were observed. A formation o
local regions with atomic ordering embedded in the am
phous matrix reflecting MRO was confirmed in these am
0163-1829/2003/67~9!/094201~9!/$20.00 67 0942
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phous alloys in spite of appearances of halo patterns in e
tron diffraction. These observations demonstrated t
amorphous TM-M alloys with near-eutectic compositio
have locally ordered regions in the form ofa-phase~primary
phase in crystallization! atomic structures. Such structur
features were observed also in other TM-M alloys.11 In the
case of thea-Pd-Si alloy with the compound compositio
Pd75Si25, we also observed locally ordered regions and
structure was identified by nanodiffraction as that of the h
agonal Pd2Si type.12

On the local structures of rapidly quenched amorpho
alloys of TM-M systems with eutectic compositions studi
so far, two types of local order structures, one the trigo
prism-type structure and the other thea-phase cluster-type
one, were observed independently by x-ray or neutron
fraction and by HREM studies as mentioned above. The
crepancy on the local structure, which reflects SRO or MR
in the amorphous alloys studied by the different structu
investigation techniques, can only be explained by introd
ing a structural model of nanoscale~or micro-! phase sepa-
ration, where metal atom clusters~usually corresponding to
those of thea-phase structure! are homogeneously distrib
uted in the metalloid-enriched amorphous matrix compo
of trigonal prisms. Such a structure with nanoscale ph
separation~or this may be called nanoscale phase decom
sition! is thought to be a quenched-in nonequilibrium stru
ture leading to the development of phase separation.
structural concept of nanoscale phase separation was
introduced fora-Fe-B anda-Pd-Si alloys by Dubois and Le
Caer13 and extended by Hermann and Mattern.14 A model
called the crystal-embryo model,15 proposed by Hamada an
Fujita, which treated the growth of bcc-Fe clusters duri
quenching of Fe-B eutectic alloys from the melt, can be
cluded in the concept of nanoscale phase separation. T
©2003 The American Physical Society01-1
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TADAKATSU OHKUBO AND YOSHIHIKO HIROTSU PHYSICAL REVIEW B 67, 094201 ~2003!
ideas of nanoscale phase separation ina-Fe-B alloys could
explain Mössbauer spectra16,17 and magnetic properties18

well. In spite of these proposals of the structure of the am
phous TM-M systems, to our best knowledge no detai
investigation has been done that has demonstrated the n
cale phase separation, although a nanoscale phase sepa
of the spinodal type has recently been demonstrated to o
in metal-metal systems, such as Ag-Ni.19

Our purpose in the present investigation is to demonst
nanoscale phase separation as a realistic structural for
amorphous TM-M alloys formed under usual rapid-cooli
techniques with limited cooling rates. For the demonstrati
it is necessary to construct a plausible structure mode
explain the details of the PDF~or the RDF!. For the con-
struction of the structure model, HREM observation is qu
advantageous for details of the locally ordered regions.
took advantage of electron microscopy, which enables b
the HREM observation and the PDF analysis~by electron
diffraction! from the same specimen. The suitable specim
for the present purpose was a thin-filma-Pd82Si18 with a
homogeneous thickness as thin as 10 nm, specially prep
to minimize the multiple scattering in selective area elect
diffraction ~SAED!. The specimen had the same locally o
dered regions as observed in usual rapidly quenched rib
specimens. In obtaining precise electron-diffraction intens
profiles, we utilized modern electron microscopy techniqu
electron energy-loss spectroscopy~EELS! to estimate the
inelastic-scattering part of the intensity in electron diffracti
and an imaging-plate technique for precise electron inten
recording, to obtain a precise electron-diffraction intens
profile from this alloy for the PDF analysis. In this study,
realistic nanoscale phase-separation model was constru
on the basis of HREM observation, followed by a refinem
of the model using reverse Monte Carlo~RMC! calculation
by comparing the calculated PDF and the experimental
obtained from the electron-diffraction intensity analysis.
was noted that precise scattering information can be obta
from electron diffraction over a wide range of scatteri
angles for the purpose of a precise PDF analysis.

II. EXPERIMENTAL PROCEDURES

A. Specimen preparation and structural analysis method

An amorphous thin-film specimen as thin as 10 nm wit
composition of Pd82Si18 was formed on single-crystal sub
strates of NaCl by Ar-beam sputtering. A cast disk
Pd80Si20 alloy was used as a sputtering target. Ar sputter
was started after evacuating the chamber to;131025 Pa
by a cryopump system. The substrate temperature for
deposition was kept at 293 K during deposition using
substrate-cooling system. The specimen thickness was m
sured using a quartz thickness monitor and the final thickn
was about 10 nm. The composition of the film specimen w
determined by energy dispersive x-ray analysis with the h
of reference Pd-Si amorphous ribbon samples whose com
sitions were analyzed in advance by electron probe
croanalysis.

An HREM observation was made using a JEM-20
transmission-electron microscope~TEM! operating at 200
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kV. A nanobeam electron-diffraction study was made usin
JEM-3000F TEM with a field-emission gun. Halo-diffractio
patterns were taken using SAED in a JEM-2010 TEM, a
the intensity recording was performed using an imagin
plate ~IP! technique.20,21 In halo-diffraction intensity analy-
sis, EELS~Gatan-PEELS model 666! was used to estimate
the inelastic part of intensity along the scattering angle.21 In
order to check the radiation damage on this specimen
HREM, we tried an HREM observation at 200 kV und
different electron doses: an HREM image was taken fi
under a usual dose~5 pA/cm2!, and then, the same area w
observed successively under a dose ten times larger tha
usual one, and then the HREM image was taken. No ap
ciable structural difference was observed before and after
high dose.

B. PDF analysis from electron-diffraction intensity

According to diffraction theory,1–3 a reduced interference
function is defined as

F~Q!5@ I ~Q!2N^ f 2&#Q/N^ f &2

5@ I obs~Q!2BG~Q!#Q^ f 2&/BG~Q!^ f &2, ~1!

whereI (Q) is the elastic-scattering intensity,N the total at-
oms concerned, andQ the scattering vector (Q
54p sinu/l; u is the half scattering angle andl, in the
present case, the electron wavelength!. I obs(Q) is the ob-
served elastic intensity andBG(Q) the background intensity
which smoothly links the middle points between the intens
maxima and minima of the halo-intensity profile almo
along the ^ f 2& curve. The square-mean and mean-squ
atomic scattering factors for electrons^ f 2& and ^ f &2 are ex-
pressed aŝ f 2&5SNj f j

2/N and ^ f &25(SNj f j )
2/N2, where

N5SNj and Nj and f j are the atom number and atom
scattering factor~including the temperature factor! for ele-
ment j, respectively. The functionF(Q) is related to the
reduced distribution functionG(r ) by the Fourier transform
as

G~r !5~2/p!E
0

`

F~Q!sin~Qr !dQ54pr @r~r !2r0#,

~2!

wherer is the radial distance,r(r ) the atomic density, andr0
the average atomic density. The atomic PDFg(r )
5(r(r )/r0) and the RDF 4pr 2r(r ) can be obtained by
G(r ). It should be noted that in a precise electron-diffracti
PDF analysis the most important procedure is to obtain
fraction intensity profiles as close as that of kinematical
tensity with less inelastic and multiple scattering, and w
good linearity in intensity recording. In the case of intens
close to the kinematical one, the backgroundBG(Q) can be
drawn almost along thêf 2& curve.

In the present diffraction intensity analysis, radial disto
tions of the diffraction patterns from the central direct sp
were corrected with the help of reference Debye-Sche
rings of Au. The inelastic-scattering part of intensity w
estimated as correctly as possible along the scattering a
by taking advantage of the EELS measurement. The d
1-2
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ELECTRON DIFFRACTION AND HIGH-RESOLUTION . . . PHYSICAL REVIEW B67, 094201 ~2003!
point of EELS along theQ vector up toQ5120 nm21 was
35. The details of the measurement of the inelastic inten
by EELS in the amorphous alloy specimen can be fou
elsewhere.21 The ratios of elastic intensity to total intensi
I el(Q)/I tot(Q) could be evaluated along the scattering up
the anglesQ%120 nm21. The ratio beyondQ.120 nm21

was taken as unity, since the contribution of the inelas
intensity becomes negligible beyond theQ value. The inten-
sity read on the IP was then digitized by laser scanner
processor. The observed intensities with the sameQ value
were averaged, and thus, the intensity profile^I (Q)& was
obtained up to a large scattering vectorQ. To obtain^I (Q)&el
only from elastic scattering, the ratioI el(Q)/I tot(Q) was mul-
tiplied by the measured̂ I (Q)& for each Q: ^I (Q)&el

@5I obs(Q)#5^I (Q)&@ I el(Q)/I tot(Q)#. The interference func-
tion F(Q) for the elastic scattering was then obtained
drawing a background curveBG(Q).

III. RESULTS

A. HREM observation and nanodiffraction

Figure 1 shows an example of the HREM image from
present thin a-Pd82Si18 film deposited on the room
temperature substrate. Regions with local lattice fringes
be seen in the encircled areas. In our previous HREM im
ing of film9 and ribbon10 a-Pd82Si18 alloys, we frequently
observed such locally ordered regions ofa-Pd~Si! clusters as
lattice fringe regions extending as small as 1–2 nm. An
ample of such HREM imaging from the liquid-quench
a-Pd82Si18 ribbon specimen is also shown in Fig. 2 for com
parison. The crossed-lattice fringe geometries of the lo
regions in the encircled areas A and B are the same as t
observed in areas A and B in Fig. 1 of the present thin-fi
specimen. The HREM images of Figs. 1 and 2 were ta
using a 200-kV TEM.

The observation condition of the locally ordered regio
was based on the ‘‘defocus method,’’10 which enables lattice
imaging of localized crystalline atomic clusters embedded

FIG. 1. HREM image ofa-Pd82Si18 thin film with locally or-
dered regions~circled!. A SAED pattern is shown in the inset.
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an amorphous matrix taking advantage of the Fourier im
related to the phase-contrast transfer function.22 The exten-
sion of the clearly observed crossed-lattice fringe regions
Fig. 1 ranges from about 1 to 1.6 nm. According to o
image simulation of fcc-Pd~Si! clusters embedded in th
dense randomly packed~DRP! structure of Pd and Si atom
~thickness: 3.3 nm!, a cluster region with a diameter of 2 nm
can be imaged as lattice images extending to as sma
about 1.5 nm due to the disturbance of the image by
surrounding DRP structure.10 Therefore, the real average siz
of the locally ordered regions in the presenta-Pd82Si18 film
must be between;1.5 and 2 nm. Regarding the distributio
of the locally ordered regions, random distributions both
position and orientation can be expected from the HRE
images. The volume fraction of the HREM regions is thoug
to be well below 40%, by reference to the result of ima
simulation.10 In SAED, a halo pattern is observed~as seen in
the insets in Figs. 1 or 2!. Examples of nanodiffraction pat
terns from such locally ordered regions in the sputtered th
film specimen are shown in Figs. 3~a! and 3~b!. They were
taken using the 300-kV TEM with a field-emission gun. T

FIG. 2. HREM image taken from a rapidly quencheda-Pd82Si18

ribbon specimen showing locally extended ordered regi
~circled!. The specimen was thinned using ultramicrotomy. A SAE
pattern is shown in the inset. The crossed-lattice fringe geome
in areas A and B resemble those of areas A and B in Fig. 1, res
tively.

FIG. 3. Nanodiffraction zone-axis@110# ~a! and @100# ~b! pat-
terns from the fcc-Pd~Si! cluster regions in thea-Pd82Si18 thin film.
1-3
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TADAKATSU OHKUBO AND YOSHIHIKO HIROTSU PHYSICAL REVIEW B 67, 094201 ~2003!
probe size was about 1 nm. The obtained structural infor
tion of the locally ordered regions from nanodiffraction
consistent with that from the HREM images with respect
the fringe spacings and their cross angles. The pattern
Figs. 3~a! and 3~b! correspond to those of@110# and @100#
zone axes of fcc clusters, respectively. The average la
parameter of the fcc clusters measured for ten nanodiff
tion patterns was 0.402 nm with an error of60.4%, which is
a little larger than that of pure Pd~0.389 nm!. Here, lattice
plane spacings for nanodiffraction spots were measured
reference to the peak position of the first halo diffractio
The halo pattern was formed by changing the probe size
larger one~more than 30 nm! under the same camera leng
as that used in nanodiffraction. From the nanodiffraction a
the lattice-parameter measurement, it was concluded tha
locally ordered regions are fcc-Pd~Si! clusters including Si
atoms also at the interstitial sites, although the substitutio
sites are favorable for Si atoms in Pd.

B. Electron-diffraction PDF profile

Figure 4~a! shows theF(Q) profile for the a-Pd82Si18
thin-film specimen deposited on the room-temperature s
strate. The profile was obtained from SAED up to a high-Q-
value range, as high as 240 nm21. The solid line correspond
to the elastic scattering, and the dotted line to the total s
tering without correction for the elastic scattering. A sm
difference between the twoF(Q) profiles appears at or nea

FIG. 4. Reduced interference function~a! and RDF~b! profiles
obtained from electron-diffraction intensity analysis fora-Pd82Si18

thin films. In each figure, the solid line is obtained from the elas
scattering and the dotted line from the total scattering, which
cludes the inelastic scattering.
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the first and second intensity peaks. By the Fourier transfo
of Eq. ~2!, the reduced RDF,G(r ) @Eq. ~2!#, was calculated.
Since the drawing of theBG(Q) curves to obtain theF(Q)
profiles were made as precisely as possible, theG(r )’s have
almost no ripples in the regionsr ,0.2 nm. The PDF’s and
RDF’s were then calculated usingG(r ). The final RDF pro-
files obtained fromF(Q)’s in Fig. 4~a! are shown in Fig.
4~b!. The solid line is obtained from the elastic scatterin
and the dotted line from the total scattering, which includ
inelastic scattering. There is a small difference between
two profiles. It is noted that beside the first main peak
Pd-Pd correlation there appears a small subsidiary inten
rising at r;0.24 nm, which corresponds to the Pd-Si cor
lation. These PDF profiles are similar to that obtained fro
neutron diffraction23 for the a-Pd80Si20 alloy. In Table I, the
structural data obtained from the present electron diffract
are shown as an averagea-Pd82Si18 structure together with
the corresponding reference data from neutron diffraction
a-Pd80Si20.23 In the table, data obtained from electron d
fraction without the correction for elastic scattering are a
listed. In obtaining coordination numbers from the RDF, t
log-normal profile fitting was applied for Pd-Pd and Pd-
correlation peak profiles. In estimating coordination nu
bers, the value of the average atomic density was taken f
the value for the ribbon specimen23 with the same composi
tion. It is noted that the atomic distances and the coordi
tion numbers are almost equal to those obtained by neu
diffraction. It is also noted that the Pd coordination with t
central Si~a partial atomic correlation! can be obtained by
precise electron-diffraction intensity analysis. The structu
data in Table I is evidence of a predominant formation o
trigonal SRO structure with six Pd coordinated Pd-Si pris
with respect to the central Si atoms as an average struc

The real structure of the present amorphous alloy dep
ited on the room-temperature substrate includes fcc-Pd-
atomic clusters, such as in the case ofa-Pd-Si ribbon speci-
mens, though not densely formed, according to the HR

c
-

TABLE I. Atomic distances and coordination numbers obtain
from the present experimental RDF analysis. Data analyzed f
the electron-diffraction intensity profile including inelastic intens
are also shown. Neutron-diffraction data~Ref. 23! for a-Pd80Si20

are listed for comparison.

Atomic
distance~nm!

Coordination
number

Pd-Pd 0.272 11.0
Elastic intensity Pd-Si

0.240
1.2

Si-Pd 5.6
Pd-Pd 0.274 10.7

With inelastic intensity Pd-Si
0.241

1.8
Si-Pd 8.0

Neutron-diffraction data
Pd80Si20

a

Pd-Pd 0.280 10.6

Pd-Si
0.242

1.6

Si-Pd 6.6

aReference 23.
1-4
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ELECTRON DIFFRACTION AND HIGH-RESOLUTION . . . PHYSICAL REVIEW B67, 094201 ~2003!
study. So, a comprehensive structure model for this am
phous Pd-Si alloy has to be established by which both
diffraction and HREM data can be explained satisfactor
The obtained PDF profile based on the elastic-scattering
tensity was used for the following structural modeling of t
present alloy. In electron diffraction, the multiple-scatteri
effect must be taken into account in the intensity analy
According to our diffraction intensity simulation for a
amorphous Pd-Si structure model, the effect under the ac
eration voltage of 200 kV became almost negligible wh
the specimen thickness was less than about 15 nm~the thick-
ness of the present specimen is about 10 nm!.24

IV. STRUCTURE MODELING AND RMC SIMULATION

A. Initial structure model

From the above HREM, SAED, and nanodiffraction stu
ies, we can say that a phase separation on a nanometer
occurs in the amorphous Pd82Si18 specimen. In order to mak
the nanoscale phase-separation structure model by the
of RMC calculation, we prepared the initial structure mod
for the a-Pd82Si18 structure as the first step. In the initia
structure modeling, we took such a realistic structu
scheme that regions with fcc clusters were embedded
DRP-like matrix formed by Pd and Si atoms. For the mat
structures, the SRO~trigonal prism! formation and the short
range MRO formation of trigonal prisms,23,25 which have
been argued in x-ray and neutron-diffraction studies of am
phous TM-M alloys, were ignored for convenience as
initial structure. The reason is that the SRO and the sh
range MRO formations must be automatically introduced
the DRP area during the RMC calculation processes to
produce the PDF profiles of the alloy. The fcc-cluster si
the fraction of atoms (Af) forming the fcc clusters in the
structure model, and the Si content in the fcc clusters are
important parameters and are taken in the present in
structure modeling by reference to the present HREM
nanodiffraction studies.

As initial basic structures,Af ’s were taken in different
combinations:Af50 ~DRP model!, 0.1, 0.2, and 0.3. Since
the atomic volume of Pd~0.0147 nm3! and the average
atomic volume of the compound Pd3Si ~0.0142 nm3! ~Ref.
26! are almost the same, we may think that the atomic
the volume fraction of the fcc clusters can take almost
same value in the Pd-Si alloy system. For the Si composi
in the fcc clusters, three compositions 0, 9, and 18 at. % w
chosen. For Si sites in the clusters, half the Si atoms wer
the octahedral interstitial sites formed by Pd atoms and
rest of the Si atoms were at the substitutional sites of Pd.
of these Si atoms were distributed randomly on these s
The shape of the fcc cluster was chosen to be spherical.
fcc-cluster size was chosen to be 1.9 nm in diameter acc
ing to the average size estimation by HREM~the radius de-
fined here is between the cluster center to the atom cent
the outermost atomic shell!. After the Si occupation in the
clusters, energy of the clusters was minimized by way of
static structure relaxation assuming Lennard-Jones~L-J!
-type interatomic potentials for Pd and Si.27 After the relax-
ation, the clusters were randomly distributed with rand
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orientations in a structure cell (3.30533.30533.305 nm)
under the definedAf ratio. The lattice parameters of the re
laxed fcc-cluster models are between 0.400 and 0.407
which are as close as those measured using nanodiffrac
patterns. In each of the structure model, after placing the
clusters in the structure cell, the open space among the c
ters was filled with Pd and Si atoms randomly by taking bo
the total atomic composition and the density into consid
ation. The obtained matrix structure was also relaxed e
getically with the L-J potentials excluding the fcc-cluster r
gions. Before starting the RMC calculation, the to
structure was finally relaxed energetically in a slight mann
in order to relax especially the structural boundaries betw
the cluster and the matrix. The density of the model struct
was chosen to be 10.61 g/cm3 by interpolating the experi-
mental densities of the amorphous Pd-Si alloys.23 The total
number of atoms in each initial structure model was 2500
Fig. 5, an example of the relaxed initial structure model
illustrated, where some fcc-Pd~Si! clusters can be partly
seen.

B. RMC simulation

The RMC simulation has now become a general meth
for modeling the structure of disordered materials based
experimental diffraction data without any assumption
atomic interaction.25,28 In the present RMC simulation, th
atoms in the fcc-cluster regions were all fixed and only
atoms in the matrix region were moved. The lower limit
the interatomic distances in the matrix regions were cho
to be 0.245 for Pd-Pd and 0.200 nm for Pd-Si and Si-Si. T
maximum value of atomic displacement in a single calcu
tion step in the simulation was limited to 0.023 nm. T
simulation consists of choosing atoms at random and mov
them in arbitrary directions with arbitrary amounts. In th
present calculation, an event of the atomic positional mo
ment was accepted to be preferable only if the move resu
in a decrease of the mean-square deviationx2 between
gexp(r) and gcal(r ) within the radial distance 0,r<r max

FIG. 5. An example of the schematic initial structure mod
fcc-Pd~Si! clusters are embedded in the DRP Pd-Si atoms. Sma
bright spheres correspond to Si atoms. Pd atoms included in the
clusters can be identified as larger dark spheres.
1-5
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TADAKATSU OHKUBO AND YOSHIHIKO HIROTSU PHYSICAL REVIEW B 67, 094201 ~2003!
(r max is the maximum value ofr taken in the calculation
r max:1.25 nm). Here,x2 was defined as25

x25S~gexp~r !2gcal~r !!2/N, ~3!

wheregexp(r) is the experimentally determined PDF,gcal(r )
the calculated PDF, andN the number of data points. In
determining a preferable atomic structure by RMC simu
tion, the criterion thatx2 can be minimized for a structur
model with suitable structural parameters was adopted. T
criterion has been taken, for example, to determine the
rect density of material.28

When the iteration in the RMC simulation for reducin
thex2 value approaches the final stage, the chance of ac
tance of an atomic movement becomes very small. In
calculation, when the chance of acceptance of atomic mo
ment approached 7% per atom on average, the correspon
x2 value was judged to be the final one. The final iterat
number was as large as 55 000–80 000 depending on
structural model. Thex2 value was reduced exponentially
all cases. After obtaining a preferable structure model,
further examined the local structure using the Voron
polyhedra analysis.29

V. POSSIBLE STRUCTURE DEDUCED FROM RMC
SIMULATIONS

An example of the profile fitting of the experimental PD
of a-Pd82Si18 by the RMC-simulated PDF is shown in Fig.
for the structure model with the atomic fractionAf50.1. In
the figure, the total and the partial PDF’s are shown. The
content in the fcc clusters was 18 at. %. The fitting reac
the experimental PDF profile very closely in a wide range
radial distances. Under different combinations of the Si c
tent in the cluster andAf , the RMC simulations were per
formed. The results are shown in Fig. 7. The finalx2 values
for different structural models are plotted as a function
Af . The final x2 values forAf50, which is for the DRP
model, are also plotted. The five nanoscale phase separ
structure models with the parameters~Si in fcc cluster: 0
at. %; fcc-cluster size: 1.9 nm;Af50.1), ~Si in fcc cluster: 9
at. %; fcc-cluster size: 1.9 nm;Af50.1, 0.2!, and ~Si in fcc

FIG. 6. Profile fitting for the totalgexp(r) and gcal(r ) for
a-Pd82Si18. The fitting is for the model ofAf50.1 with the Si
content of 18% in the fcc cluster with the fcc-cluster size of 1.9 n
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cluster: 18 at. %; fcc-cluster size: 1.9 nm;Af50.1, 0.2!
have the finalx2 values as small as or less than that of t
DRP structure model. The minimumx2 value was obtained
by the model with~Si in fcc cluster: 9 at. %,Af50.1) and
~Si in fcc cluster: 18 at. %,Af50.1).

From Fig. 7 and also from the HREM result, th
a-Pd82Si18 alloy is judged to haveAf close to about 0.1–0.2
The larger lattice distortion of fcc clusters with Si and t
smallerAf are found to be important factors for the good
between the experimental and the simulated PDF’s. The
tained range ofAf is within a plausible range according to
phase balance consideration between the amorphous p
and the primarya-phase on the basis of free-energy fun
tions. Since it was known from anin situ observation9 that
the fcc clusters in thea-Pd82Si18 alloy transform into thea-
phase by way of coalescence of the clusters in the prim
crystallization process, theAf value of the clusters must b
less than the atomic fraction of thea phase (Af

a1) in the
primary crystallization. According to the free-energ
consideration30 and the phase diagram,31 the value ofAf

a1

must be close to or a little less than that of thea phase in
equilibrium with the orthorhombic Pd3Si phase in the final
crystallization stage (Af

a2), namely,Af
a1<Af

a250.28. Figure
8 shows a set of calculated HREM images for the RM
simulated nanoscale phase-separation model:Af50.1, 18
at. % Si in fcc clusters, and the fcc-cluster size of 1.9 n
The figure is composed of four images for four differe
structures with a variety of fcc-cluster positions and orien
tions chosen randomly but with the same structure mo
parameters. This set of images can be taken as a simu
HREM image of a structure area as wide as 6.636.6 nm
embedding the fcc clusters. The simulation was done on
basis of the multislice method32 with a thickness of 10 nm
under the same imaging condition taken in the experime
Since the fcc-Pd~Si! clusters with the size of 1.9 nm ar
randomly distributed under the atomic fraction of 10%~to-
tally, 12 fcc clusters in the four models!, we have few
chances to observe the fcc-lattice images from the clust

.
FIG. 7. Final mean-square deviations in the RMC calculat

for several structural models ofa-Pd82Si18 with different atomic
fractionsAf to form fcc clusters and with different Si contents in th
fcc cluster.
1-6
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In the circled area of Fig. 8, the fcc-lattice region with t
^110& zone axis can be seen. A power spectrum taken fr
the circled area is shown in the inset. By comparing
simulated and observed HREM images in a visual manne
has been demonstrated that the simulated HREM ima
based on the structure model with the cluster volume frac
of about 10% almost corresponds to the observed struc
by HREM.

In order to investigate atomic local structures, especia
in the matrix region surrounding the fcc clusters, t
Voronoi-polyhedral analysis has been performed using
RMC-simulated structure model. Figure 9 shows the a
lyzed local polyhedral structures surrounding Si atoms in
matrix for a RMC-simulated structure model with the stru
tural conditions Af50.1, and Si content in fcc cluste
518 at. %. In the figure, types of polyhedra, expressed
the Voronoi indices, and their fractions are shown. It is no
that in the DRP-matrix structure with the volume fraction
about 90% such basic structural units as nine coordina
trigonal prisms and ten coordinated Archimedian antipris
are predominant~the atomic structures are schematica
drawn in the figure!. Other Voronoi polyhedra with frequen
cies larger than 2% are mostly of deformed prism structu
The observed prism-related local matrix structures are c
sistent with the SRO structures investigated by neutron
x-ray diffraction.23,25,27The frequent appearance of the abo
types of polyhedra was also confirmed in other plausi
structure models with different structural parameters.
Table I the experimentally obtained average coordinat
number of Pd with respect to the central Si was close to
giving a local structural scheme of six coordinated Pd
prisms. On the other hand, nine coordinated or ten coo
nated prism-related polyhedral structures with the centra
atoms were revealed by the RMC simulation as the m
SRO structures of the matrix in the specimen~see Fig. 9!.

FIG. 8. Simulation of HREM image for the structure model wi
Af50.1, 18% Si~in the fcc cluster!, and an fcc-cluster size of 1.
nm. Four simulated images are shown, which are based on the
structure model parameters but on a variety of fcc-cluster posit
and orientations. An fcc-cluster region observed is shown in
circled area.
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The atomic distances between the central Si and the cap
Pd atoms, which form half octahedra on the sides of trigo
prism, are slightly larger than those between the centra
and prism corner Pd atoms. The small tail in the RM
simulated Pd-Si subsidiary peak in the RDF~see Fig. 6! ex-
tending tor;0.3 nm must be closely related to the atom
correlations between Si and the capping Pd atoms. It is
sonable to think that the nine coordinated prism-rela
Pd-Si polyhedra found in the RMC-simulated structure si
ply come from the limiting range of near-neighbor atom
distance in the Voronoi analysis. In the present Voron
analysis, the atomic distance limit taken for finding that ty
of polyhedra was 0.32 nm.

VI. CONCLUDING REMARKS

In the amorphous Pd82Si18 thin film, local atomic ordered
regions were observed by HREM as in the case of the liqu
quenched amorphous Pd82Si18 alloy, in spite of observations
of halo patterns in SAED. From nanodiffraction, the atom
arrangement of the locally ordered regions in the amorph
Pd82Si18 structure was confirmed to be that of the fcc-Pd-ty
structure. In order to explain these experimental structu
features comprehensively, a nanoscale phase separ
model was introduced. A suitable structure model with
gions of crystalline atomic clusters embedded in a D
structure of Pd and Si was finally obtained for the amorph
alloy with the help of reverse Monte Carlo calculatio
which could explain the experimental PDF satisfactorily.
has been demonstrated that nanoscale phase separati

me
s
e

FIG. 9. Frequency histogram of Voronoi polyhedra in the DR
matrix structure of the simulated structure model fora-Pd82Si18. In
the model the Si content in the fcc cluster andAf are 18 at. % and
0.1, respectively. Atomic arrangements of trigonal and Archimed
antiprism structures are schematically drawn in the figure.
1-7
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this amorphous alloy occurs in such a way that the ph
valance for the primary crystallization is realized appro
mately on nanometer scale already in the as-formed sta

The obtained structure model includes fcc-Pd~Si! clusters
with a volume fraction as small as 10%–20%, and the res
the cluster volume is composed of a DRP-like matrix reg
with trigonal Pd-Si prisms. The prism-related matrix regi
with a volume fraction as large as 80%–90% definitely co
tributes to the main scattering volume in x-ray or neutr
diffraction. The crystalline atomic cluster regions, on t
other hand, turn out to be minor volumes in diffraction. Th
is why structural analyses ofa-Pd-Si alloys by x-ray or neu
tron diffraction always deal with only chemical SRO’s
short-range MRO’s with trigonal prisms. It is presumed th
not only a-Pd-Si but alsoa-Fe-B alloys with near-eutectic
composition possibly have the structure proposed h
which can explain not only the results of diffractio
studies28,29 but also the results of magnetic30–34 and HREM
~Ref. 7! studies.

In many amorphous alloys including the Pd-Si alloy
atomic density fluctuations have been observed by x-ray
neutron small-angle scattering studies.35,36 The density fluc-
tuations generally occur with a spatial wavelength of ab
2–2.5 nm. In the case ofa-Pd80Si20,36 the length is about 2.5
nm, which is nearly equal to the average distance of the
clusters in our present structure model ofa-Pd82Si18: for
example, they are about 3 and 2.2 nm in the models w
Af50.1 and 0.2, respectively. It can be said that the den
fluctuations observed by x-ray or neutron diffraction a
s

ch

ta

on

d
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thought to be mainly related to the nanoscale phase sep
tion. The local structural deviation from DRP structure wi
local atomic compositional fluctuation in as-formed amo
phous alloys was already shown using molecular-dynam
simulation,37 and the density fluctuation was discussed
relation to small-angle scattering data.

In the present study, the experimental PDF was used
determine the approximate volume fraction of the fcc-Pd~Si!
clusters in the nanoscale phase separation model with kn
edge of the average cluster size and structure from HR
and nanodiffraction. Since the PDF is not so sensitive t
local structural variation, we cannot evaluate the further
tailed volume fraction of the fcc-Pd~Si! clusters. For a de-
tailed study in determining the volume fraction of local cry
talline regions in the amorphous structure, other use
techniques must be introduced. Fluctuation microscop38

will be a candidate to extract structural and volume fract
information with MRO in such an amorphous structure
shown in this study.
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