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Electron diffraction and high-resolution electron microscopy study
of an amorphous Pg,Si;g alloy with nanoscale phase separation
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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 amorphousgp®i;s 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 functiofPDF) 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.
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[. INTRODUCTION phous alloys in spite of appearances of halo patterns in elec-
tron diffraction. These observations demonstrated that
Atomic short-range-ordeiSRO structures in amorphous amorphous TM-M alloys with near-eutectic compositions
alloys have been analyzed mainly by x-ray and neutrorhave locally ordered regions in the form @fphase(primary
atomic radial distribution functiodRDF) or pair distribution  phase in crystallizationatomic structures. Such structural
function (PDP analyses:? In these studies, atomic dis- features were observed also in other TM-M alléysn the
tances, coordination numbers, and coordination polyhedraase of thea-Pd-Si alloy with the compound composition
have been mainly discussed. According to the structur®d;sSi,5, we also observed locally ordered regions and the
analyses of amorphous alloy ribbons and films withstructure was identified by nanodiffraction as that of the hex-
transition-metal-metalloid TM-M) systems, trigonal prisms agonal PgSi type!?
formed by a central metalloid and the surrounding six metal On the local structures of rapidly quenched amorphous
atoms are always predominant as their SRO structlifé®m  alloys of TM-M systems with eutectic compositions studied
trigonal prisms often accompany capping metal atoms on theo far, two types of local order structures, one the trigonal
three prism planes, and as a consequence, a nine-neargstism-type structure and the other thephase cluster-type
neighbor coordination is often realized. In recent yearspne, were observed independently by x-ray or neutron dif-
atomic medium-range ordéMRO) is frequently argued as fraction and by HREM studies as mentioned above. The dis-
being more appropriat&.® The MRO structures analyzed so crepancy on the local structure, which reflects SRO or MRO
far from x-ray and neutron diffraction correspond to those ofin the amorphous alloys studied by the different structural
short-range MRG,in which atomic correlation ranges over investigation techniques, can only be explained by introduc-
distances of about 0.3—0.5 nm. The above SRO and shoring a structural model of nanoscaler micro) phase sepa-
range MRO structures, however, have been so far analyzedtion, where metal atom clustefgsually corresponding to
based on the concept of homogeneous-structure systems. those of thea-phase structujeare homogeneously distrib-
We carried out high-resolution electron microscopyuted in the metalloid-enriched amorphous matrix composed
(HREM) studies of TM-M amorphous alloys with eutectic of trigonal prisms. Such a structure with nanoscale phase
compositions. In ana-Fe,B¢ (hereafter, ‘a-” denotes separatior(or this may be called nanoscale phase decompo-
“amorphous”) ribbon specimen, locally ordered regions assition) is thought to be a quenched-in nonequilibrium struc-
small as 1 nm with a bce-FB) structure(B is well presumed  ture leading to the development of phase separation. The
to be dissolved in the structyravere observed as local structural concept of nanoscale phase separation was first
crossed-lattice fringe images under a suitable defocusitroduced fora-Fe-B anda-Pd-Si alloys by Dubois and Le
condition/ Also in a-Pd;;CusSiss (ribborf) and  Caer® and extended by Hermann and Matt&tA model
a-Pdy,Sisg (film,® ribbort? alloys, locally ordered regions called the crystal-embryo mod® proposed by Hamada and
with a fcc-PdSi) structure were observed. A formation of Fujita, which treated the growth of bcc-Fe clusters during
local regions with atomic ordering embedded in the amorquenching of Fe-B eutectic alloys from the melt, can be in-
phous matrix reflecting MRO was confirmed in these amor<luded in the concept of nanoscale phase separation. These
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ideas of nanoscale phase separatio-ife-B alloys could kV. A nanobeam electron-diffraction study was made using a
explain Massbauer spectfa!’ and magnetic propertis  JEM-3000F TEM with a field-emission gun. Halo-diffraction
well. In spite of these proposals of the structure of the amorpatterns were taken using SAED in a JEM-2010 TEM, and
phous TM-M systems, to our best knowledge no detailedhe intensity recording was performed using an imaging-
investigation has been done that has demonstrated the nanguate (IP) techniqué®®?! In halo-diffraction intensity analy-
cale phase separation, although a nanoscale phase separas®) EELS(Gatan-PEELS model 666vas used to estimate
of the spinodal type has recently been demonstrated to occtine inelastic part of intensity along the scattering akgle.
in metal-metal systems, such as AgNi. order to check the radiation damage on this specimen in
Our purpose in the present investigation is to demonstratelREM, we tried an HREM observation at 200 kV under
nanoscale phase separation as a realistic structural form dfifferent electron doses: an HREM image was taken first
amorphous TM-M alloys formed under usual rapid-coolingunder a usual dosé pA/cn?), and then, the same area was
techniques with limited cooling rates. For the demonstrationpbserved successively under a dose ten times larger than the
it is necessary to construct a plausible structure model tasual one, and then the HREM image was taken. No appre-
explain the details of the PDFor the RDB. For the con- ciable structural difference was observed before and after the
struction of the structure model, HREM observation is quitehigh dose.
advantageous for details of the locally ordered regions. We
took advantage of electron microscopy, which enables both B. PDF analysis from electron-diffraction intensity
the HREM observation and the PDF analy8iy electron
diffraction) from the same specimen. The suitable specimel?u
for the present purpose was a thin-filmPd;,Si;g with a
homogeneous thickness as thin as 10 nm, specially prepared F(Q)=[1(Q)— N<f2)]Q/N(f>2
to minimize the multiple scattering in selective area electron
diffraction (SAED). The specimen had the same locally or- =[lopd Q) —BG(Q)1Q(f2/BG(Q)(f )2, (1)
derec_;l regions as o_bserved n usual rapldly que_nch_ed rlbl.)ov'?/herel(Q) is the elastic-scattering intensity, the total at-
specimens. In obtaining precise electron-diffraction |nten3|tyOms concerned, andQ the scattering vector G
profiles, we utilized modern electron microscopy techniques:=4 singn: 0 's,the half scattering angle and in the
electron energy-loss spectroscofyELS) to estimate the S| » 0] 'Ng ang :

inelastic-scattering part of the intensity in electron diffractionp;ersggtel(;is,[% ';Tgng'lf c;rr(;le\(/va;/ frl]?g;%’l’f(r%) r|1sd Frr:tir?spt-
and an imaging-plate technique for precise electron intensit v Ic | Ity Q ground | Iy,

recording, to obtain a precise electron-diffraction intensity hich smoothly links the middle points between the intensity

profile from this alloy for the PDF analysis. In this study, a maxima an02I minima of the halo-intensity profile almost
realistic nanoscale phase-separation model was construct&’"Y the(f >. curve. The square-m:zan and rznean—square
on the basis of HREM observation, followed by a refinement o' scatte;rmg factzors for electzroh ) andz(f>2 are ex-

of the model using reverse Monte CafRMC) calculation ~ Pressed agf9)=2N;f{/N and (f)*=(ZN;f;)*/N?, where
by comparing the calculated PDF and the experimental on®=2N; and N; and f; are the atom number and atomic
obtained from the electron-diffraction intensity analysis. ItSCattering factorincluding the temperature facfofor ele-

was noted that precise scattering information can be obtaind@€ntj. respectively. The functio-(Q) is related to the
from electron diffraction over a wide range of scattering@duced distribution functio®(r) by the Fourier transform

angles for the purpose of a precise PDF analysis. as

According to diffraction theory;> a reduced interference
nction is defined as

Il. EXPERIMENTAL PROCEDURES G(r)=(2/m) L F(Q)sin(Qr)dQ=4mr[p(r)—pol,
A. Specimen preparation and structural analysis method (2

An amorphous thin-film specimen as thin as 10 nm with awherer is the radial distancey(r) the atomic density, angl,
composition of PghSi;g was formed on single-crystal sub- the average atomic density. The atomic PDHr)
strates of NaCl by Ar-beam sputtering. A cast disk of =(p(r)/po) and the RDF 4r2p(r) can be obtained by
Pd;Siyg alloy was used as a sputtering target. Ar sputterings(r). It should be noted that in a precise electron-diffraction
was started after evacuating the chambertbx 10> Pa  PDF analysis the most important procedure is to obtain dif-
by a cryopump system. The substrate temperature for thiaction intensity profiles as close as that of kinematical in-
deposition was kept at 293 K during deposition using atensity with less inelastic and multiple scattering, and with
substrate-cooling system. The specimen thickness was megeod linearity in intensity recording. In the case of intensity
sured using a quartz thickness monitor and the final thicknesslose to the kinematical one, the backgrol@(Q) can be
was about 10 nm. The composition of the film specimen wasirawn almost along théf2) curve.
determined by energy dispersive x-ray analysis with the help In the present diffraction intensity analysis, radial distor-
of reference Pd-Si amorphous ribbon samples whose comptiens of the diffraction patterns from the central direct spot
sitions were analyzed in advance by electron probe miwere corrected with the help of reference Debye-Scherrer
croanalysis. rings of Au. The inelastic-scattering part of intensity was

An HREM observation was made using a JEM-2010estimated as correctly as possible along the scattering angle
transmission-electron microscog@EM) operating at 200 by taking advantage of the EELS measurement. The data
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FIG. 1. HREM image ofa-Pds,Si;g thin film with locally or- FIG. 2. HREM image taken from a rapidly quenchedPd;Si;g

dered regionscircled. A SAED pattern is shown in the inset. ribbon specimen showing locally extended ordered regions
(circled). The specimen was thinned using ultramicrotomy. A SAED

point of EELS along the vector up toQ=120 nn ! was pattern is shown in the inset. The crossed-lattice fring(.e geometries
35. The details of the measurement of the inelastic intensitj)_" areas A and B resemble those of areas A and B in Fig. 1, respec-
by EELS in the amorphous alloy specimen can be foundVeY-
elsewheré! The ratios of elastic intensity to total intensity
lo(Q)/1o(Q) could be evaluated along the scattering up toan amorphous matrix taking advantage of the Fourier image
the anglesQ=120 nm 1. The ratio beyondQ>120 nm * related to the phase-contrast transfer functfolihe exten-
was taken as unity, since the contribution of the inelasticsion of the clearly observed crossed-lattice fringe regions in
intensity becomes negligible beyond t@evalue. The inten- Fig. 1 ranges from about 1 to 1.6 nm. According to our
sity read on the IP was then digitized by laser scanner antinage simulation of fcc-R&i) clusters embedded in the
processor. The observed intensities with the s@nealue  dense randomly packe®RP) structure of Pd and Si atoms
were averaged, and thus, the intensity pro{i||eQ)> was (thickness: 3.3 nm a cluster region with a diameter of 2 nm
obtained up to a large scattering veo@rTo obtain{I (Q))e can be imaged as lattice images extending to as small as
0n|y from elastic Scattering, the ratj@l(Q)/ltot(Q) was mul- about 15 nm due to the disturbance of the image by the
tiplied by the measured|(Q)) for each Q: (I(Q))y  Surrounding DRP structur@Therefore, the real average size
[=10d Q) 1=(1(Q))[1e(Q)/110(Q)]. The interference func- of the locally ordered regions in the presenPd;,Si;g film

tion F(Q) for the elastic scattering was then obtained bymust be betweer-1.5 and 2 nm. Regarding the distribution
drawing a background cuni8G(Q). of the locally ordered regions, random distributions both in

position and orientation can be expected from the HREM
images. The volume fraction of the HREM regions is thought
to be well below 40%, by reference to the result of image
A. HREM observation and nanodiffraction simulation’® In SAED, a halo pattern is observéas seen in

Figure 1 shows an example of the HREM image from thethe insets in Figs. 1 or)2Examples of nanodiffraction pat-

present thin a-Pds,Si;s film deposited on the room- terns from such locally ordered regions in the sputtered thin-

temperature substrate. Regions with local lattice fringes ca{'llm specimen are shown in Figs(a3 and 3b). They were

be seen in the encircled areas. In our previous HREM imag—aken using the 300-kvV TEM with a field-emission gun. The

ing of film® and ribborl® a-Pd;,Si;5 alloys, we frequently
observed such locally ordered regionsaePd Si) clusters as
lattice fringe regions extending as small as 1-2 nm. An ex-
ample of such HREM imaging from the liquid-quenched
a-Pd;,Siig ribbon specimen is also shown in Fig. 2 for com-
parison. The crossed-lattice fringe geometries of the local
regions in the encircled areas A and B are the same as those
observed in areas A and B in Fig. 1 of the present thin-film
specimen. The HREM images of Figs. 1 and 2 were taken
using a 200-kV TEM.

The observation condition of the locally ordered regions
was based on the “defocus method®which enables lattice FIG. 3. Nanodiffraction zone-axigl10] (@) and[100] (b) pat-
imaging of localized crystalline atomic clusters embedded irterns from the fcc-P@&i) cluster regions in tha-Pd;,Si;g thin film.

Ill. RESULTS
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80 @) TABLE I. Atomic distances and coordination numbers obtained
I from the present experimental RDF analysis. Data analyzed from
60} the electron-diffraction intensity profile including inelastic intensity
_ are also shown. Neutron-diffraction datgef. 23 for a-PdSiyg
"g 40+ are listed for comparison.
=
= 20t A . L
g [\ [\ Atomic Coordination
0 V V’\V’\/‘u distance(nm) number
-20 U Pd-Pd 0.272 11.0
‘ . ) ) Elastic intensity Pd-Si 1.2
4050 100 150 200 250 Si-Pd 0.240 t 6
Q(nm’) Pd-Pd 0.274 10.7
— With inelastic intensity ~ Pd-Si 1.8
: (b) 241
E 800 Si-Pd 0 8.0
S eool Pd-Pd 0.280 10.6
E Neutron-diffraction data
E PdhoSixg” Pd-Si 1.6
S 400 0.242
2 Si-Pd 6.6
©® 200
% ®Reference 23.
3
0 . . T T . . . .
p] 00 02 04 06 08 10 the first and second intensity peaks. By the Fourier transform

r(nm’) of Eq. (2), the reduced RDF3(r) [Eq. (2)], was calculated.
Since the drawing of th8 G(Q) curves to obtain thé&(Q)

FIG. 4. Reduced interference functiéa and RDF(b) profiles  profiles were made as precisely as possibleGe)’s have
obtained from electron-diffraction intensity analysis &P d,Siig almost no ripples in the regionms<0.2 nm. The PDF's and
thin films. In each figure, the solid line is obtained from the elastictRDF’s were then calculated usit@(r). The final RDF pro-
scattering and the dotted line from the total scattering, which injles obtained fromF(Q)’s in Fig. 4a) are shown in Fig.
cludes the inelastic scattering. 4(b). The solid line is obtained from the elastic scattering,

and the dotted line from the total scattering, which includes
probe size was about 1 nm. The obtained structural informainelastic scattering. There is a small difference between the
tion of the locally ordered regions from nanodiffraction is two profiles. It is noted that beside the first main peak of
consistent with that from the HREM images with respect toPd-Pd correlation there appears a small subsidiary intensity
the fringe spacings and their cross angles. The patterns ising atr ~0.24 nm, which corresponds to the Pd-Si corre-
Figs. 3a) and 3b) correspond to those ¢fl10] and[100] lation. These PDF profiles are similar to that obtained from
zone axes of fcc clusters, respectively. The average latticreutron diffractioR® for the a-PdsSi,o alloy. In Table I, the
parameter of the fcc clusters measured for ten nanodiffracstructural data obtained from the present electron diffraction
tion patterns was 0.402 nm with an error0.4%, whichis  are shown as an averagePd;,Si;g structure together with
a little larger than that of pure P@.389 nm. Here, lattice the corresponding reference data from neutron diffraction for
plane spacings for nanodiffraction spots were measured by-PdySi,o.2® In the table, data obtained from electron dif-
reference to the peak position of the first halo diffraction.fraction without the correction for elastic scattering are also
The halo pattern was formed by changing the probe size to kisted. In obtaining coordination numbers from the RDF, the
larger one(more than 30 nmunder the same camera length log-normal profile fitting was applied for Pd-Pd and Pd-Si
as that used in nanodiffraction. From the nanodiffraction andtorrelation peak profiles. In estimating coordination num-
the lattice-parameter measurement, it was concluded that thsers, the value of the average atomic density was taken from
locally ordered regions are fcc-f&I) clusters including Si  the value for the ribbon specim@nwith the same composi-
atoms also at the interstitial sites, although the substitutionalon. It is noted that the atomic distances and the coordina-
sites are favorable for Si atoms in Pd. tion numbers are almost equal to those obtained by neutron
diffraction. It is also noted that the Pd coordination with the
central Si(a partial atomic correlationcan be obtained by
precise electron-diffraction intensity analysis. The structural

Figure 4a) shows theF(Q) profile for the a-Pd,Siig  data in Table | is evidence of a predominant formation of a
thin-film specimen deposited on the room-temperature subtrigonal SRO structure with six Pd coordinated Pd-Si prisms
strate. The profile was obtained from SAED up to a high- with respect to the central Si atoms as an average structure.
value range, as high as 240 nfnThe solid line corresponds The real structure of the present amorphous alloy depos-
to the elastic scattering, and the dotted line to the total scaited on the room-temperature substrate includes fcc-Pd-type
tering without correction for the elastic scattering. A smallatomic clusters, such as in the caseag?d-Si ribbon speci-
difference between the twie(Q) profiles appears at or near mens, though not densely formed, according to the HREM

B. Electron-diffraction PDF profile
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study. So, a comprehensive structure model for this amor-
phous Pd-Si alloy has to be established by which both the
diffraction and HREM data can be explained satisfactorily.
The obtained PDF profile based on the elastic-scattering in-
tensity was used for the following structural modeling of the
present alloy. In electron diffraction, the multiple-scattering
effect must be taken into account in the intensity analysis.
According to our diffraction intensity simulation for an
amorphous Pd-Si structure model, the effect under the accel-
eration voltage of 200 kV became almost negligible when
the specimen thickness was less than about 1%thenthick-
ness of the present specimen is about 10.#m

) @ Pdin MRO
© Pd in Matrix
o si

IV. STRUCTURE MODELING AND RMC SIMULATION o
FIG. 5. An example of the schematic initial structure model.

A. Initial structure model fcc-PdSi) clusters are embedded in the DRP Pd-Si atoms. Smaller

From the above HREM, SAED, and nanodiffraction Stud_brlght spheres cgrres_p_ond to Si atoms. Pd atoms included in the fcc
. . clusters can be identified as larger dark spheres.
ies, we can say that a phase separation on a nanometer scalé
occurs in the amorphous B8, specimen. In order to make
the nanoscale phase-separation structure model by the hedpientations in a structure cell (3.38%.305x 3.305 nm)
of RMC calculation, we prepared the initial structure modelunder the defined; ratio. The lattice parameters of the re-
for the a-Pds,Siyg structure as the first step. In the initial |axed fcc-cluster models are between 0.400 and 0.407 nm,
structure modeling, we took such a realistic structurakyhich are as close as those measured using nanodiffraction
scheme that regions with fcc clusters were embedded in gatterns. In each of the structure model, after placing the fcc
DRP-like matrix formed by Pd and Si atoms. For the matrixg|ysters in the structure cell, the open space among the clus-
structures, the SRQrigonal prism formation and the short- o5 \as filled with Pd and Si atoms randomly by taking both

. . . ’25 .
range MRO formation of trigonal prisnf$;”® which have the total atomic composition and the density into consider-

been argued in x-ray and neutron-diffraction studies of @MOl5tion. The obtained matrix structure was also relaxed ener-

phous TM-M alloys, were ignored for convenience as the etically with the L-J potentials excluding the fcc-cluster re-

initial structure. The reason is that the SRO and the shortd; . .
range MRO formations must be automatically introduced ind!ons- Before starting the RMC calculation, the total

the DRP area during the RMC calculation processes to res_tructure was finally relaxed energetically in a slight manner,

produce the PDF profiles of the alloy. The fcc-cluster sizell order to relax especially the structural boundaries between

the fraction of atoms 4;) forming the fcc clusters in the the cluster and the matrix. The density of the model structure

structure model, and the Si content in the fcc clusters are al'@S C?%Sen _t_o beflg.Gl g/émﬁ/ inter%olgtinlgl; thi experli-
important parameters and are taken in the present initid€ntal densities of the amorphous Pd-Si a GYShe tota

structure modeling by reference to the present HREM an(t]]umber of atoms in each initial structure model was 2500. In
nanodiffraction studies. Fig. 5, an example of the relaxed initial structure model is

As initial basic structuresA,'s were taken in different llustrated, where some fcc-R8i) clusters can be partly

combinationsA;=0 (DRP mode), 0.1, 0.2, and 0.3. Since
the atomic volume of Pd0.0147 nni) and the average
atomic volume of the compound i (0.0142 nm) (Ref.

26) are almost the same, we may think that the atomic and
the volume fraction of the fcc clusters can take almost the The RMC simulation has now become a general method
same value in the Pd-Si alloy system. For the Si compositiofior modeling the structure of disordered materials based on
in the fcc clusters, three compositions 0, 9, and 18 at. % werexperimental diffraction data without any assumption of
chosen. For Si sites in the clusters, half the Si atoms were @tomic interactiort>?® In the present RMC simulation, the
the octahedral interstitial sites formed by Pd atoms and thatoms in the fcc-cluster regions were all fixed and only the
rest of the Si atoms were at the substitutional sites of Pd. Alatoms in the matrix region were moved. The lower limit of
of these Si atoms were distributed randomly on these siteghe interatomic distances in the matrix regions were chosen
The shape of the fcc cluster was chosen to be spherical. THe be 0.245 for Pd-Pd and 0.200 nm for Pd-Si and Si-Si. The
fce-cluster size was chosen to be 1.9 nm in diameter accordnaximum value of atomic displacement in a single calcula-
ing to the average size estimation by HREMe radius de- tion step in the simulation was limited to 0.023 nm. The
fined here is between the cluster center to the atom center sfmulation consists of choosing atoms at random and moving
the outermost atomic shgllAfter the Si occupation in the them in arbitrary directions with arbitrary amounts. In the
clusters, energy of the clusters was minimized by way of thepresent calculation, an event of the atomic positional move-
static structure relaxation assuming Lennard-Jofles)) ment was accepted to be preferable only if the move resulted
-type interatomic potentials for Pd and %iAfter the relax- in a decrease of the mean-square deviatigh between
ation, the clusters were randomly distributed with randomge,r) and geq(r) within the radial distance €r=<r ;.

B. RMC simulation
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FIG. 6. Profile fitting for the totalgex(r) and ge(r) for Atomic Fraction of MRO Clusters, Af

a-Pd,Sig. The fitting is for the model ofA;=0.1 with the Si

. . . FIG. 7. Final mean-square deviations in the RMC calculation
content of 18% in the fcc cluster with the fcc-cluster size of 1.9 nm d

‘for several structural models @&-Pd,Sig with different atomic
fractionsA; to form fcc clusters and with different Si contents in the

(rmax is the maximum value of taken in the calculation ¢.. cjuster.

I max:1.25 Nm). Herey? was defined &S

Xzzz(gexp(r)—gca,(r))le, (3) cluster: 18 at.%; fcc-cluster size: 1.9 nrA;=0.1, 0.2

. . . have the finaly? values as small as or less than that of the
Wheregey{r) is the experimentally determined PDfes(r) — ppp structuré(model. The minimuw? value was obtained

the calculated PDF, andll the number of data points. In e i OPA
determining a preferable atomic structure by RMC simula-by the model with(Si in fcc cluster: 9 at. %A;=0.1) and

o i A
tion, the criterion thaty? can be minimized for a structure (Siin fcc cluster: 18 at. % =0.1).

model with suitable structural parameters was adopted. This From_ Fig. 7 and also from the HREM result, the

o . -Pds,Siqg alloy is judged to havé\; close to about 0.1-0.2.
criterion has been taken, for example, to determine the co The larger lattice distortion of fcc clusters with Si and the
rect density of materiaf 9

When the iteration in the RMC simulation for reducing smallerA; are foun_d to be important _factors for the good fit
the x? value approaches the final stage, the chance of acce gtvveen the expe.nmc.ant.al and thg simulated PDF S The ob-
tance of an atomic movement becomes very small. In thi ained range oh; is V\."thm a plausible range according to a
calculation, when the chance of acceptance of atomic mové:Zhase bala_mce consideration betwe_en the amorphous phase
ment approached 7% per atom on average, the correspondifgd ("€ Primarya-phase on the basis of free-energy func-

x? value was judged to be the final one. The final iterationtI ns. Since it was known from ain situ observatiofl that

number was as large as 55000—-80000 depending on tﬁghe fce clusters in tha-Pd;,Siyg alloy transform into thex-
structural model. The? value was reduced exponentially in phase .by way of coalescence of the clusters in the primary
all cases. After obtaining a preferable structure model, w rystallization process, th'e.f value of the clusteis T““St be
further examined the local structure using the \oronoi- ess than the atomic fraction of the phase f¢") in the

polyhedra analysi® primary crystallization. According to the free-energy
consideratiof? and the phase diagraththe value ofA¢*
V. POSSIBLE STRUCTURE DEDUCED FROM RMC must be close to or a little less than that of taghase in
SIMULATIONS equilibrium with the orthorhombic R&i phase in the final

crystallization stageA:?), namely,A¢'<A#?=0.28. Figure

An example of the profile fitting of the experimental PDF 8 shows a set of calculated HREM images for the RMC-
of a-Pds,Si;g by the RMC-simulated PDF is shown in Fig. 6 simulated nanoscale phase-separation modet0.1, 18
for the structure model with the atomic fractidgq=0.1. In  at.% Si in fcc clusters, and the fcc-cluster size of 1.9 nm.
the figure, the total and the partial PDF’s are shown. The Sthe figure is composed of four images for four different
content in the fcc clusters was 18 at. %. The fitting reachestructures with a variety of fcc-cluster positions and orienta-
the experimental PDF profile very closely in a wide range oftions chosen randomly but with the same structure model
radial distances. Under different combinations of the Si conparameters. This set of images can be taken as a simulated
tent in the cluster and\s, the RMC simulations were per- HREM image of a structure area as wide as>6666 nm
formed. The results are shown in Fig. 7. The figalvalues embedding the fcc clusters. The simulation was done on the
for different structural models are plotted as a function ofbasis of the multislice methdtiwith a thickness of 10 nm
A;. The final x? values forA;=0, which is for the DRP under the same imaging condition taken in the experiment.
model, are also plotted. The five nanoscale phase separati®ince the fcc-P@i) clusters with the size of 1.9 nm are
structure models with the parametdSi in fcc cluster: 0 randomly distributed under the atomic fraction of 1Qfb-
at. %,; fcc-cluster size: 1.9 nn§;=0.1), (Si in fcc cluster: 9 tally, 12 fcc clusters in the four modeJswe have few
at. %; fcc-cluster size: 1.9 nn#};=0.1, 0.3, and(Si in fcc  chances to observe the fcc-lattice images from the clusters.
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FIG. 8. Simulation of HREM image for the structure model with 127000
A;=0.1, 18% Si(in the fcc cluster, and an fcc-cluster size of 1.9~ 028000 \|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| ‘
nm. Four simulated images are shown, which are based on the sawr 038000 AAIEEEEEHETTPUaa,
structure model parameters but on a variety of fcc-cluster positions 0 1 2 3 4 5 6 7 8
and orientations. An fcc-cluster region observed is shown in the Atomic Fraction of Voronoi Polyhedra (%)
circled area.

FIG. 9. Frequency histogram of Voronoi polyhedra in the DRP-

In the circled area of Fig. 8, the fcc-lattice region with the matrix structure of the simulated structure modeldePd;,Si;g. In
(110 zone axis can be seen. A power spectrum taken fronthe model the Si content in the fcc cluster akdare 18 at. % and
the circled area is shown in the inset. By comparing the0.1, respectively. Atomic arrangements of trigonal and Archimedian
simulated and observed HREM images in a visual manner, #ntiprism structures are schematically drawn in the figure.
has been demonstrated that the simulated HREM images
based on the structure model with the cluster volume fractiohe atomic distances between the central Si and the capping
of about 10% almost corresponds to the observed structurféd atoms, which form half octahedra on the sides of trigonal
by HREM. prism, are slightly larger than those between the central Si

In order to investigate atomic local structures, especiallyand prism corner Pd atoms. The small tail in the RMC-
in the matrix region surrounding the fcc clusters, thesimulated Pd-Si subsidiary peak in the R[¥ee Fig. 6 ex-
Voronoi-polyhedral analysis has been performed using théending tor ~0.3 nm must be closely related to the atomic
RMC-simulated structure model. Figure 9 shows the anaeorrelations between Si and the capping Pd atoms. It is rea-
lyzed local polyhedral structures surrounding Si atoms in thesonable to think that the nine coordinated prism-related
matrix for a RMC-simulated structure model with the struc- Pd-Si polyhedra found in the RMC-simulated structure sim-
tural conditions A;=0.1, and Si content in fcc cluster ply come from the limiting range of near-neighbor atomic
=18 at. %. In the figure, types of polyhedra, expressed bylistance in the Voronoi analysis. In the present Voronoi
the Voronoi indices, and their fractions are shown. It is notedanalysis, the atomic distance limit taken for finding that type
that in the DRP-matrix structure with the volume fraction of of polyhedra was 0.32 nm.
about 90% such basic structural units as nine coordinated

trigonal prisms and ten coordinated Archimedian antiprisms VI. CONCLUDING REMARKS
are predominantithe atomic structures are schematically
drawn in the figurg Other Voronoi polyhedra with frequen- In the amorphous R¢Siyg thin film, local atomic ordered

cies larger than 2% are mostly of deformed prism structuregegions were observed by HREM as in the case of the liquid-
The observed prism-related local matrix structures are corquenched amorphous g8i;g alloy, in spite of observations
sistent with the SRO structures investigated by neutron andf halo patterns in SAED. From nanodiffraction, the atomic
x-ray diffraction?>?>?'The frequent appearance of the abovearrangement of the locally ordered regions in the amorphous
types of polyhedra was also confirmed in other plausibldPd;,Siig Structure was confirmed to be that of the fcc-Pd-type
structure models with different structural parameters. Instructure. In order to explain these experimental structural
Table | the experimentally obtained average coordinatiorfeatures comprehensively, a nanoscale phase separation
number of Pd with respect to the central Si was close to sixmodel was introduced. A suitable structure model with re-
giving a local structural scheme of six coordinated Pd-Sigions of crystalline atomic clusters embedded in a DRP
prisms. On the other hand, nine coordinated or ten coordistructure of Pd and Si was finally obtained for the amorphous
nated prism-related polyhedral structures with the central Salloy with the help of reverse Monte Carlo calculation,
atoms were revealed by the RMC simulation as the mainwhich could explain the experimental PDF satisfactorily. It
SRO structures of the matrix in the specim@ee Fig. 9  has been demonstrated that nanoscale phase separation in
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this amorphous alloy occurs in such a way that the phasthought to be mainly related to the nanoscale phase separa-
valance for the primary crystallization is realized approxi-tion. The local structural deviation from DRP structure with
mately on nanometer scale already in the as-formed state. [ocal atomic compositional fluctuation in as-formed amor-

The obtained structure model includes fca$igiclusters  phous alloys was already shown using molecular-dynamics
with a volume fraction as small as 10%—-20%, and the rest o§imulation®” and the density fluctuation was discussed in
the cluster volume is composed of a DRP-like matrix regionre|ation to small-angle scattering data.
with trigonal Pd-Si prisms. The prism-related matrix region In the present Study, the experimenta| PDF was used to
with a volume fraction as Iarge as 80%—-90% def|n|te|y Con'determine the approximate volume fraction of the fC(CS?Xj
tributes to the main scattering volume in x-ray or neutronc|ysters in the nanoscale phase separation model with knowl-
diffraction. The Crysta”ine atomic cluster regions, on theedge of the average cluster size and structure from HREM
other hand, turn out to be minor volumes in diffraction. This gnd nanodiffraction. Since the PDF is not so sensitive to a
is why structural analyses afPd-Si alloys by x-ray or neu- |ocal structural variation, we cannot evaluate the further de-
tron diffraction always deal with only chemical SRO's or tajled volume fraction of the fcc-R8i) clusters. For a de-
short-range MRO's with trigonal prisms. It is presumed thattajled study in determining the volume fraction of local crys-
not only a-Pd-Si but alsoa-Fe-B alloys with near-eutectic talline regions in the amorphous structure, other useful
composition possibly have the structure proposed hergechniques must be introduced. Fluctuation microstopy
which can explain not only the results of diffraction il be a candidate to extract structural and volume fraction
studie$®*° but also the results of magnetfc® and HREM  information with MRO in such an amorphous structure as
(Ref. 7) studies. shown in this study.

In many amorphous alloys including the Pd-Si alloys,
atomic density fluctuations have been observed by x-ray or
neutron small-angle scattering studies® The density fluc-
tuations generally occur with a spatial wavelength of about
2-2.5 nm. In the case af PdySin,*° the length is about 2.5 This work was partly supported by a Grant-in-Aid for
nm, which is nearly equal to the average distance of the fcScientific Research from the Ministry of Education, Science,
clusters in our present structure model &fPd;,Sig: for  and Culture of Japan, and was also supported by Special
example, they are about 3 and 2.2 nm in the models witlCoordination Funds for Promoting Science and Technology
A;=0.1 and 0.2, respectively. It can be said that the densitpn “Nanohetero Metallic Materials” from the Science and
fluctuations observed by x-ray or neutron diffraction areTechnology Agency.
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