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Short- and long-range order in iron and cobalt disilicides thin films investigated by the diffraction
anomalous fine structure technique
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The diffraction anomalous fine-structure technique is applied to the characterization of the local order
around metallic atoms located in binary and ternary iron and cobalt disilicides thin films prepared by
molecular-beam epitaxy on Si~111!. The study is first performed on binary compounds, namely, cubic CoSi2

(CaF2 type!, and metastable tetragonal FeSi2 (a-FeSi2-derived type!. With the crystallographic structure of
both phases known, the first-order data analysis proposed by Proiettiet al. @Phys. Rev.59, 5479~1999!# is used

to reduce the experimental data. The analysis of the CoK-edge fine structure collected on the 111¯fundamental
diffraction peak of the standard CoSi2 allows the determination of the short-range order around the unique
metallic site, in the same way as extended x-ray-absorption fine structure. In addition, it is shown that record-
ing the FeK-edge oscillations on a single superstructure peak of iron disilicide can provide further information
about the long-range order in thea-FeSi2-derived-type structure. The value of the long-range-orderh param-
eter is found to be 0.960.05. Finally, the method is applied to an epitaxial layer grown at room temperature
with the ratio Fe:Si of 0.7:2 and Co:Si of 0.3:2 Si on Si~111! and annealed at 930 K. The analysis of Fe and

Co K-edge fine structure collected on the 111¯diffraction peak permits to differentiate between Co and Fe local
environments in ternary Co0.6Fe0.4Si2 grains having a CaF2-type structure. These nanostructures are embedded
in a Co0.05Fe0.95Si2 matrix whose tetragonal lattice is very close to thea-FeSi2-derived one. The value of the
h parameter derived from the analysis of the FeK-edge oscillations on the 001 superstructure peak is found to
be 0.860.05.

DOI: 10.1103/PhysRevB.67.094116 PACS number~s!: 78.70.Ck, 78.70.Dm, 68.55.2a, 81.15.Hi
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I. INTRODUCTION

The x-ray-absorption fine-structure~XAFS! technique is a
powerful tool to investigate the local distortions around
oms in complex crystalline materials. The interpretation
the modulation of the absorption coefficient above an
sorption edge, which is related to the interference betw
the photoelectron wave function and its scattered part by
neighbor atoms, is now well established.1,2 However, this
technique does not allow an easy separation of the contr
tions of atoms occupying different sites in a crystalline l
tice, since the available information is averaged over all
oms of the same species in the sample. In addition, in
case of mixed phases in the same sample, it is impossib
isolate the contributions of atoms belonging to each of the

For ten years, the technique of x-ray-diffraction anom
lous fine structure3 ~DAFS! has been able to overcome the
problems by using the diffraction conditions to select a s
set of resonant atoms. DAFS consists of measuring the
tensity variation of diffraction peaks as a function of ener
at and above an absorption edge of the atoms of interest.
information contained in absorption spectra can also be
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-
f
-
n
e

u-
-
t-
e
to
.

-

-
n-

he
x-

tracted from energy-dependent diffraction measurements
to the causal relationship between the real and imagin
parts of the atomic scattering amplitude. Consequently,
oscillatory structure in a DAFS spectrum contains at leas
much local structural information as XAFS. But, the adva
tage of DAFS spectroscopy is the ability to combine t
chemical and short-range structural sensitivity of x-ray a
sorption with the long-range structural selectivity of x-ra
diffraction ~XRD! and, consequently, to provide selectiv
structural information by choosing Bragg peaks separate
the reciprocal space. Due to this crystallographic selectiv
DAFS can be used when analysis by XAFS is difficult
impossible, for example, when isolating local structure ab
a unique site4,5 ~site selectivity! or separating the contribu
tion of each component in a mixed phase4 ~spatial selectiv-
ity!. Also, the use of DAFS can overcome the problem
materials containing atoms with absorption edges clos
spaced in energy.6

The DAFS technique has recently provided great i
provements in the study of local distortions induced by
coherent growth of strained nanometric films on a sing
crystalline substrate.7 Nevertheless, from our knowledge, n
©2003 The American Physical Society16-1
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DAFS investigation of standard compounds grown in th
films has been reported until now. A complete DAFS stu
performed on thin films of binary compounds whose str
ture is well known is now of a fundamental interest for
better understanding of the advantage of DAFS with resp
to the XAFS technique. The samples we studied
transition-metal disilicide thin films co-deposited b
molecular-beam epitaxy~MBE! on a Si~111! substrate at
room temperature and annealed above 900 K. For abou
years, new iron and cobalt silicide phases stabilized by
strain induced by epitaxy on Si~111! substrates have bee
identified, by using either transmission-electr
microscopy,8,9 XRD,10–12 or extended x-ray-absorption fin
structure~EXAFS!.13–15In this work, we are interested in th
ordered disilicide phases that are prepared in thin films
codepositing at room temperature on Si~111!—or previously
by solid phase epitaxy~SPE!—and annealing at temperature
as high as 900 K. CoSi2 grown in these conditions crysta
lizes in the common fluorite (CaF2) cubic structure repre
sented in Fig. 1~a!. Co atoms form a cubic face centere

lattice and Si atoms are located in the eight (1
4 , 1

4 , 1
4 ) posi-

tions. FeSi2 disilicide has the so-calleda-FeSi2-derived te-
tragonal structure11 instead. The various structures of the
metastable disilicides are well described in the paper
Whiteaker et al.12 Before annealing, the as-deposited th
iron disilicide film (,100-Å thick! has the CsCl-derived
structure that can be viewed as a disordered version of
CaF2-type structure: the metallic atoms are randomly distr
uted into the fcc lattice positions and additional eightfo
sites between the Si atoms, at the center of the cube w
unit cell of half the size. Upon annealing this silicide,
depletion of the interstitial sites occurs, which is accom
nied by a change in the lattice symmetry, with a reduction
the lattice parameterc along the@001# direction. A layout of
the lattice is observed, without reaching the perfect orde
bulk a-FeSi2 represented in Fig. 1~b!, where one metallic
plane~001! out of two is empty. The FeSi2 thin films, then
have, after subsequent annealing, aa-FeSi2-derived tetrago-
nal structure. The presence of a small part of iron atom
the interstitial sites of the lattice gives rise to additional s
perstructure lines, due to the doubling of the elementary c

FIG. 1. Structures of the~a! CaF2-type face-centered-cubi
(CoSi2) and ~b! tetragonala-FeSi2 phases.
09411
y
-

ct
e

en
e

y

f

he
-

a

-
f

f

in
-
ll.

The intensity of the superstructure lines is then related to
occupation factors of the metallic interstitial sites.11,12 The
structural information derived from XAFS experiments h
also greatly contributed to accounting for the atomic str
ture of these novel phases of iron silicides.14,15 The local
order around metallic atoms in CaF2-type and
a-FeSi2-derived phases have indeed their own EXAFS fi
gerprints. In both, the metallic atoms have 8 Si near
neighbors, but in a CoSi2 perfect CaF2 structure, Co atoms
have 12 Co next-nearest neighbors~NNN! at aA2/2, with a
the lattice parameter (a55.367 Å). In contrast, in the bulk
a-FeSi2 structure, Fe has 4 Fe NNN located ata8
52.695 Å, with a8 the in-plane ~001! lattice parameter.
Considering the results of XRD and EXAFS, it seems w
to record DAFS oscillations on two diffraction lines chara
teristic of the CaF2 and tetragonal lattices for a DAFS anal

sis of CoSi2 anda-FeSi2, respectively. The 111¯fundamental
diffraction peak of CoSi2 and the 001 superstructure peak
a-FeSi2 have been chosen for this preliminary study. P
ticular attention is paid to the treatment of the spectra
corded on the 001 superstructure peak characteristic of
a-FeSi2-type phase. It will be shown that information abo
long-range order in this partially ordered phase can be
tained from DAFS recorded on a single superstructure pe
as far as interatomic distances and coordination numbers
accurately determined by this technique.

Despite a great deal of effort over the last ten years,
tempts to stabilize thin films of iron disilicide in a CaF2-type
lattice have failed. However, way to reach this goal was
tempted by preparating by MBE ternary silicides in vario
compositions.16 It has been pointed out that the Co and
silicides crystallize either in a single or multiple phases, d
pending on the growth conditions and nomin
composition.17,18 In this work, we present a DAFS analys
of the ternary silicide~TS! formed when Fe and Si are grow
with the ratio Fe:Si of 0.7:2 and Co:Si of 0.3:2 on Si~111!.
The as-deposited TS has the CsCl cubic structure. H
resolution transmission-electronic microscopy~HRTEM! and
XRD experiments performed on this TS after annealing
925 K have revealed a phase separation into grains of
two binary structures described above.17,18 Both techniques
have shown the presence in this film of these two~and only
two! phases in equivalent proportions.

The results of this study have been briefly presented
previous paper~Ref. 22!. The aim of the present paper is t
describe in detail the treatment of the DAFS spectra recor
at the Fe and CoK edge on the 111¯and 001 peaks belongin
to CaF2-type anda tetragonal phases. A comparison betwe
DAFS and XAFS spectra of the films of standard bina
compounds and TSs is emphasized. With the iron ato
present in substantial amounts in both phases of the latter
analysis of the two sets of FeK-edge DAFS data allows the
characterization of the local environment of Fe in each
them, while FeK-edge EXAFS data recorded from the sam
sample should be a mixing of the two.

The paper is organized in the following manner:~i! the
first-order DAFS analysis proposed by Proiettiet al.19 used
as a starting point of this work is summarized in Sec. II;~ii !
6-2
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SHORT- AND LONG-RANGE ORDER IN IRON AND . . . PHYSICAL REVIEW B67, 094116 ~2003!
the experiments are described in Sec. III;~iii ! the data analy-
sis and results of XAFS and DAFS experiments are
scribed in detail in Sec. IV. An accurate normalization of t
DAFS data by using the theoretical structure factor value
presented. The DAFS analysis of the partially ordered tetr
onal phase in terms of a long-range-order parameter is
scribed in detail. Section V consists of a discussion of
results: though our primary goal was the structural charac
ization of mixed phases, the last part of the discussion
focused on the advantages of the DAFS technique in
structure determination of partially ordered materials.

II. FIRST-ORDER DAFS ANALYSIS

When analyzing the DAFS spectra, two situations can
encountered.19 In the first case, only one anomalous site co
tributes to the diffracted intensity. Thenf 8 and f 9 ~the
‘‘bare’’ atom anomalous corrections to the Thomson atom
scattering factor! can be isolated from the DAFS intensity b
an iterative Kramers-Kronig algorithm, without knowing th
crystallographic structure, and structural information can
obtained fromf 9 using standard XAFS analysis methods.
the second case, there are several anomalous crystallogr
sites, with different weights. In that case, precise knowled
of the structure is required in order to obtain approxim
values of the atomic scattering factors. In this way, an ac
rate extraction of the DAFS signal is achieved. The data
then analyzed similarly to EXAFS spectra to provide loc
structural information about each anomalous site.

In our case, the presence of two anomalous sites in tha
tetragonal phase renders impossible the use of the itera
integral algorithm. Moreover, the iterative Kramers-Kron
extraction can cause additional errors related to the qualit
the data and the theoretical functions used.20 Consequently,
the crystallographic structure factors are calculated using
Thompson atomic scattering factors and the ‘‘bare’’ corr
tions for all atoms. The multiple-anomalous-site method
applied to analyze the DAFS oscillations in order to obt
the structural information in both phases.

In the forward-scattering limit, the atomic scattering fa
tor of an atomA on sitej can be written as

f A j~QW ,E!5 f 0A~QW !1 f 0A8 ~E!1 i • f 0A9 ~E!

1D f 0A9 ~E!•@xA j8 ~E!1 i •xA j9 ~E!#, ~1!

where f 0A is the Thompson scattering,f 0A8 and f 0A9 are the
‘‘bare’’ atom anomalous corrections tof 0A , andD f 0A9 is the
contribution of the ‘‘bare’’ atom resonant electronic tran
tion @the difference betweenf 9(E) and its extrapolation
above the edge of its part below the edge#. QW is the scattering
vector, E is the energy of the incident beam, andxA j8 1 i
•xA j9 is the complex fine-structure contribution, which is t
correction to the scattering factor due to the local atom
environment of the anomalous atom. The total structure
tor is the sum of these atomic contributions:
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F~QW ,E!5F0eif01D f 0A9 ~E!•(
j

uaA j~QW !u•eifA j

3@xA j8 ~E!1 i •xA j9 ~E!#, ~2!

whereF0 is the complex structure factor andf0 its phase,
aA j(QW )5cA j•e2MA jQ

2
•eiQW rW j . cA j is the occupation factor o

atom A on site j, and e2MA jQ
2

the crystallographic Debye
Waller factor.F is thus split into a smooth part~first term!
and a oscillatory part~second term!.

Neglecting the second-order terms, the first-order DA
oscillationsxQ(E) for a given scattering vectorQW can be
extracted directly from the experimental spectrum and n
malized according to the following formula:

xQ~E!5(
j 51

NA

wA j•@cos~f02fA j!•xA j8 1sin~f02fA j!•xA j9 #

5
uF0u

2•uaAu•D f 0A9
•

I DAFS2I 0

I 0
, ~3!

whereI DAFS is the experimental intensity corrected for flu
rescence background and the absorption of the incident
diffracted beams,I 0 is the smooth curve of the experiment
DAFS spectrum,NA is the number of anomalous atoms, a
wA j5uaA ju/uaAu. The DAFS normalization factorSD

5uF0u/(2•uaAu•D f 0A9 ) may be calculated from the crystallo
graphic structure.

The DAFS oscillations can be written in an expressi
very similar to the EXAFS one:

xQ~kW !5(
j 51

NA

(
G

wA j~QW !•ampA j
G ~kW !•sinF2•k•RA j

G 1dA j
G ~kW !

1f0~QW ,kW !2fA j~QW !2
p

2 G , ~4!

whereG is a photoelectron-scattering path,ampA j
G (kW ) is the

amplitude of the photoelectron scattering,dA j
G the phase shift,

and RA j
G the effective path length. This equation shows th

the DAFS oscillations can be treated as EXAFS data, if
crystallographic weightswA j and the phasesf02fA j , to be
added to the photoelectron phase shifts, can be calcul
from the crystallographic structure.

III. EXPERIMENT

The epitaxial silicides were prepared on Si~111! in a UHV
chamber, with a base pressure of;10210 mbar. Prior to
loading into the preparation chamber, the Si~111! wafers
were cleaned in an ultrasonic bath of ethanol for 30 min a
dried in flowing N2 gas. In order to remove surface oxide
and other contaminants, the substrates were first heated
temperature below 675 K for a few hours and then flashe
1225 K with residual pressure kept below;5
310210 mbar during the whole process. In this way, w
obtained contaminant-free surfaces with sharp (737) low-
energy electron-diffraction~LEED! patterns. Si, Fe, and/o
6-3
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O. ERSENet al. PHYSICAL REVIEW B 67, 094116 ~2003!
Co were evaporated in the 1–2-Å/min range using sta
homemade effusion cells. Stoichiometric fluxes of differe
elements were carefully controlled by a two-quar
microbalance system. The epitaxial TS was prepared as
lows: a 10-Å-thick Co12xFexSi2 template layer was firs
grown at room temperature~RT! and subsequently anneale
at 823 K. Then a thicker~about 100 Å! Co12xFexSi2 film
was deposited at RT and subsequently annealed at 925 K
one hour. These layers were then capped by an amorpho
layer to protect them in air. Epitaxy was checkedin situ with
LEED after room-temperature deposition and after annea
at 950 K. In both cases, the LEED pattern exhibited sh
diffraction spots.

EXAFS spectra were collected on the XAS2 beamline
the DCI-Laboratoire pour l’Utilisation du Rayonneme
Electromagne´tique ~LURE! synchrotron-radiation facility,
using a Si~111! two-crystal monochromator. The data we
recorded at the Fe and CoK edges in grazing incidence, th
electric vector of the incident beam being nearly para
(6°) to thesurface of the Si~111! substrate. The fluorescenc
intensity was measured by a seven-element Ge detector.
energy resolution was sufficient to eliminate the fluoresce
of Fe atoms above the CoK edge. The accumulation laste
about 40 s with 0.2-eV steps. The samples were coole
about 20 K during the measurements.

The DAFS experiments were carried out on the H
beamline at DCI-LURE.21 This beamline is dedicated to ma
terial studies, combining x-ray scattering and x-ra
absorption measurements. The white x-ray beam is mo
chromatized by a two-crystal spectrometer, equipped w
Si~111! single crystals. Two mirrors are used to reject h
monics. The monochromatic beam is focused in the vert
and horizontal planes on the sample, that is located at
center of a four-circle goniometer. The focused spot dim
sion was around 0.5 mm in the scattering plane and 3 mm
the perpendicular direction because of the DCI large sou
size. Entrance slits were used mainly to clean the be
which was monitored simultaneously by an ionization cha
ber and a photodiode measuring the scattering by a Ka
foil situated between the entrance slits and the sample.
pairs of slits~aperture close to 8 mm38 mm), separated by
a 250-mm pipe under vacuum, were positioned in front
the detector.

The DAFS spectra were recorded in a top-DAFS sc
mode, i.e., measuring the maximum intensity of the Bra
reflection as a function of energy. The stability of the bea
line and the precise determination of the diffractome
angles at each energy in order to maintain the Bragg co
tions achieved a satisfactory signal-to-noise ratio. The fl
rescence background was recorded by repeating the D
scan after rotating the sample within its plane to an off-pe
position. The diffraction and background spectra were
corded with a NaI scintillator or a Si P-Instrinsic-N semico
ductor photodiode. Fluorescence XAFS was measured sim
taneously using a Si:Li cooled photodiode~resolution 220
eV!, placed normally to the incident beam at the sam
position in order to decrease the elastic-scattering contr
tion that could saturate the detector.

The DAFS experiments ran within the 7000–8500-eV e
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ergy range with 2-eV energy steps and 10–20-s measu
times depending on the reflected intensity. The polarizat
vector of the incident beam was normal to the scatter
plane. To separate the contribution from each phase, we
sidered the 001 superstructure diffraction peak for thea

tetragonal phase and the 111¯ diffraction peak for the
CaF2-type phase, respectively.

IV. DATA ANALYSIS AND RESULTS

As pointed out in introduction, one of purposes of th
work was to point out the advantage of DAFS that combin
XRD and XAFS techniques. The previous work on XAFS
Co and Fe silicides has provided a clear identification of
local environment of metallic atoms in binary silicid,es and
is interesting to first probe the DAFS technique on bina
silicides in comparison with XAFS.

At a nominalx50.7 silicide composition, previous XRD
and HRTEM experiments revealed the presence of cu
CaF2-type and a tetragonal structures approximately
equal proportion in the epitaxial TS film.17,18 Two well-
distinguished types of crystallites are associated with the
silicide structures. The grains have a lateral size of a f
tenths of a nanometer, depending on the terrace width~for
more details on a HRTEM investigation, see Ref. 22!. Our
aim was to determine the chemical composition of the t
types of crystallites and the local order around Fe and
atoms in each of them.

Before describing the DAFS data analysis, we fi
present a quick comparison between EXAFS data recor
at Co and FeK edges of the TS and binary epitaxial CoS2
and FeSi2, respectively. It will thus become obvious th
DAFS is a powerful tool for overcoming the averaging pro
lem occurring in XAFS spectra of multiphased materials.

A. EXAFS

1. EXAFS data reduction

The fluorescence spectra from each of the seven elem
of the detector were carefully examined before they w
summed. Thex EXAFS signal was extracted following th
conventional procedure.23 After conversion intok space, the
x(k) signals werek2 weighted and Fourier transformed t
between 3.2 and 13.4 Å21. The R-space data were Fourie
filtered between 1.1 and 2.8 Å and the amplitude was ca
lated in order to detect the presence of a beat node and
termine its position.

2. Co K-edge EXAFS ofCoSi2 and the ternary silicide

The EXAFS of CoSi2 grown epitaxially on Si~111! has
been studied in detail.15 The CoK-edge EXAFS signals of
the TS and binary CoSi2 are compared in Figs. 2~c! and 2~d!.
The curves present similar shapes with a damping of hi
frequency oscillations for the latter, which indicates chang
in the distribution of far-distant neighbors. The correspon
ing Fourier transforms~FT! are shown in Figs. 3~c! and 3~d!.
The nearest-neighbor~NN! peak in the FT of CoSi2 is quite
symmetrical while that of the TS presents a small shoul
6-4
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SHORT- AND LONG-RANGE ORDER IN IRON AND . . . PHYSICAL REVIEW B67, 094116 ~2003!
on the side of the long distances. The more striking featur
the FT of the TS spectrum is the collapse of the peak loca
around 3 Å, which is assigned to the 12 Co next-nea
neighbors~NNN! of Co at 3.84 Å in CoSi2. The amplitude
envelope of its Fourier filtered contribution underwent a co
stant reduction by a factor of about 2 over the wholek range,
that suggests a significant drop in the coordination numbe
metallic neighbors of Co in the TS with respect to bina
CoSi2. At this stage no model was found for fitting the C
K-edge XAFS spectrum of the TS. The theoretical EXA
curves~full lines in Figs. 2 and 3! are outlined in Sec. V.

3. Fe K-edge EXAFS ofFeSi2 and the ternary silicide

The FeK-edge EXAFS spectra of the TS anda-FeSi2 and
their corresponding FT are shown in Figs. 2 and 3@curves~a!

FIG. 2. EXAFS data at 20 K for ternary silicides:~a! FeK edge
and ~c! Co K edge; binary silicides:~b! a-FeSi2 and ~d! CoSi2;
crosses represent the experiment, the full line the calculation.

FIG. 3. FT of thek2-weighted EXAFS data of Fig. 2; ternar
silicides: ~a! Fe K edge and~c! Co K edge; binary silicides:~b!
a-FeSi2 and ~d! CoSi2; crosses represent the experiment, the f
line the calculation.
09411
in
d

st

-

of

and ~b!#, respectively. The data are very similar and on
slight differences can be observed in the FT. In epitax
binary a-FeSi2, Fe is surrounded by eight Si at 2.36 Å an
four Fe at 2.70 Å. Whereas the main oscillation in the
K-edgex(k) curve of CoSi2 decreases smoothly versusk,
the FeK-edge spectra ofa-FeSi2 and the TS present at abou
9 Å21 a beat node which is typical of Fe-Si and Fe-
nearby distances.14 Consequently, the peak located betwe
1.1 and 2.8 Å splits into two components. The second co
ponent is slightly smaller in the TS than in the reference.
the other hand, the lack of peak beyond 3 Å in the FT was
attributed to the distortion of the cubic lattice. More deta
about FeK-edge EXAFS investigation of Fe silicide thi
films are given in Ref. 14.

In summary, the FeK-edge EXAFS data of TS reveal onl
a slight decrease of the contribution of Fe atoms at 2.7
with respect toa-FeSi2. In contrast, the CoK-edge data
exhibit strong changes in the distribution of the metal
neighbors at 3.8 Å with respect to the standard binary co
pound.

B. DAFS

1. DAFS data analysis

Figure 4 shows the results of theu/2u scan taken at the
photon energy of 7.5 keV in the regions the 001 diffracti
peak of thea tetragonal phase and of the 111¯ diffraction
peak of the CaF2-type cubic phase. The raw DAFS spect
were collected at the top of these peaks at and above Fe
Co K edges by measuring the diffracted intensitiesI DAFS
versus the photon energy. Typical DAFS spectra are sho
in Fig. 5 ~full line!. They are corrected for the fluorescen
background, by removing the spectra recorded in an off-p
position. Curves~a! and ~b! correspond to the 001 supe
structure (a tetragonal phase of the TS! and 111̄(CaF2-type
phase of the TS! peaks, respectively. No self-absorption co
rection was applied since the film thickness was less than
of the absorption length.

l

FIG. 4. Normalized intensity of the 001 diffraction peak (a

tetragonal phase of the TS! and of the 111̄ diffraction peak
(CaF2-type phase of the TS! recorded at 7.5 keV.
6-5
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The quantitative DAFS analysis started with the calcu
tion of I 0, the smoothing curve~without the fine structure! of
the spectra. Generally, after the absorption correction,
intensity of a diffraction peak is proportional to the squar
modulus of the structure factor times several terms:
Lorentz-irradiated area-polarization correction term (LP),
the detector efficiency (D), and the scale factor (S):

I ~E!5S•D~E!•LP•F0
2 . ~5!

To evaluate the complex smooth structure factorsF0 for the
two phases, their chemical compositions are required. T
the Fe~and Co! amount in each phase is roughly estimat
from the Fe~Co! K-edge hollows observed on the spectra
the a tetragonal and CaF2-type cubic phases. On the oth
hand, tabulated values are used for the Thompson scatte
terms f 0.24 The values of the anomalous dispersion and
sorption corrections, namely,f 08(E) and f 09(E), are calcu-
lated by usingFPRIME program, developed by Cromer an
Libermann.25 The squared modulus of structure factors m
tiplied by theLP correction (LP•F0

2) are shown in Fig. 5
~dashed line! for the CaF2-type and tetragonala-FeSi2 struc-
tures, respectively. In order to superpose these terms to
raw spectra, we considered a polynomial function wh
contains the detector responseD and the scale factorS. The
best fit of this function gives the smoothed curveI 0 of the
spectra~thin line in Fig. 5!.

The DAFS oscillations are extracted from the raw d
and normalized according to formula~3!. Taking advantage
of the knowledge of the crystallographic structures, the
efficients uF0u, uaAu, andD f 0A9 are calculated for the refer
ence compounds (CoSi2 and FeSi2) and the TS, at Co and F
K edges. The relevant DAFS oscillations obtained in t
way are now treated as EXAFS oscillations by using form
~4!. The crystallographic weightswA j are expressed as func
tions of occupation factorsci of the metallic sites, and the
phase shiftsDf j5f02fA j are calculated from the crysta

FIG. 5. Raw DAFS spectra recorded at the Fe and CoK edges
from the ternary silicide for the~a! tetragonala-FeSi2 and ~b!
(I DAFS, full lines! CaF2-type phases; (LP•F0

2, dashed lines! square
of the smooth structure factorF0

2, corrected for the Lorentz-
irradiated area-polarization effects; (I 0, thin lines! calculated
smooth parts of the diffracted intensities.
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lographic structure in each phase. Figure 6 showsf0 at the
Fe and CoK edges as a function of the wave vector of t
photoelectron. Let us mention that, at a given edge, the
sumption thatDf j is constant over the whole spectrum is n
true because the anomalous contribution toF0 smoothly
changes as a function of energy. These variations result f
the fact that Fe and Co atoms are close to each other in
Periodic Table, theirK edges being only 0.6-keV separate

We analyzed the DAFS oscillations using theFEFFIT

program.26FEFFIT performs the fit to the data inR or k space
using calculated path contributions fromFEFF6 ~Ref. 27! as
scattering theoretical standards. One of the substantial
vantages of this program is that it includes multipl
scattering ~MS! calculations and consequently it uses
analysis procedure based on a sum over scattering path~as
opposed to ‘‘shells’’!, with no distinction between single
and multiple-scattering paths. The standard XAFS para
eters to be varied to find the best fit of the data are cha
teristic of each scattering path. Moreover, by using theFEF-

FIT program, we can build sophisticated models taking in
account relations between the fitting parameters.

We include inFEFFIT calculations contributions from the
first three single-scattering shells as well as several multi
scattering paths involving either two nearest-neighbor Si
oms or a nearest-neighbor Si and a second-nearest-neig
metal atom. Generally, MS paths have lower contributions
the total signal than the single-scattering~SS! ones due to the
higher values of their Debye-Waller~DW! factors. Neverthe-
less, we considered all MS paths whoseFEFF6 calculated
scattering mean amplitude~defined as the integral of th
scattering amplitude over the full energy range! exceeds 7%
of the path of largest amplitude.

Figure 7 shows the FeK-edge DAFS oscillations and bes
fits of @Fig. 7~a!# the a-FeSi2 binary silicide,@Fig. 7~b!# the
a-FeSi2-derived phase in the ternary silicide, and@Fig. 7~c!#
the CaF2-type phase in the ternary silicide. The correspon
ing FT of thek2-weighted DAFS data and of the simulation
are represented in Fig. 8. The results of the fits are sum
rized in Table I.

FIG. 6. Theoretical phases (f0) of the complex structure factor
(F0) for the ~dots! tetragonala-FeSi2 and ~full line! CaF2-type
phases.Df5f02fA j are added to the scattering phase shifts c
culated byFEFF6 ~see text!.
6-6
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SHORT- AND LONG-RANGE ORDER IN IRON AND . . . PHYSICAL REVIEW B67, 094116 ~2003!
2. DAFS data recorded on the 111¯fundamental peak
of the CaF2-type structure

The Co and FeK-edge DAFS data collected at the top
the 111̄peak provide selective information on the local ord
around metallic atoms located in the CaF2-type lattice. The
Fe concentration on the metallic sites of the CaF2-type phase
in the TS is found to be as high as 40%. The nominal co
position of the cubic phase is thus close to Co0.6Fe0.4Si2.22

Several free parameters are introduced in theFEFFIT simu-
lations in order to describe the local structure of the Co2
and Co0.6Fe0.4Si2 (CaF2). They are the metal-Si neares
neighbor and metal-metal next-nearest-neighbor distance
one hand, and the mean-square displacementss2 ~DW fac-
tor! for each SS path on the other hand. Considering
each MS path involves several SS paths, the initial value
the DW factors for MS paths are expressed as function
the DW factors for the relevant SS paths. By fitting the sp
tra recorded at the CoK edge on the 111¯diffraction peak, we
obtained the Co-Si and Co-metal distances and DW fac
in the CaF2-type phases of the binary CoSi2 and TS. In con-
trast, by fitting the spectrum recorded at the FeK edge on the
same peak in the TS, we deduce the Fe-Si and Fe-m
distances and DW factors in this CaF2 phase. Let us mention
that, due to the close atomic numbers of Fe and Co, a s
ration of the second-shell metal neighbors in Fe and Co s
shells is not possible.

The FeK-edge DAFS signal recorded on the 111¯ funda-
mental peak of Co0.6Fe0.4Si2 (CaF2) @Fig. 7~c!# presents a
regular decrease of amplitude versusk, and the NN peak in
the FT@Fig. 8~c!# is roughly symmetrical. In the inset of Fig
8, the CoK-edge DAFS data recorded on the 111¯ peak of
CoSi2 ~crosses! and Co0.6Fe0.4Si2 (CaF2) ~full line! are pre-
sented for comparison. The curves are similar, with low
amplitude in the case of Co0.6Fe0.4Si2 (CaF2). There is a
striking similarity between the peaks located between
and 2.4 Å in the FT of FeK- @Fig. 8~c!# and CoK-edge
DAFS ~inset, Fig. 8, full line! of the TS. They are quite

FIG. 7. Comparison of~dots! Fe K-edge DAFS oscillations and
~full line! best fits using the values of Table I of~a! a-FeSi2-derived
binary silicide;~b! a-FeSi2-derived phase in the ternary silicide;~c!
CaF2-type phase in the ternary silicide.
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symmetrical, which indicates that Fe and Co have roug
the same NN environment in Co0.6Fe0.4Si2 (CaF2). The
value of the Fe-Si distance is found to be 2.36 Å
Co0.6Fe0.4Si2 (CaF2) instead of 2.32 Å~Co-Si distance in
CoSi2 and the TS!. The lack of peak above 3 Å in FeK-edge
data of Co0.6Fe0.4Si2 (CaF2) reveals the existence of strong
local distortions around Fe than Co.

3. Long-range order. DAFS data recorded on the 001
superstructure peak in thea tetragonal phases of the TS

and binary FeSi2

A method is now carried out to derive structural inform
tion about long-range order~LRO! from DAFS data recorded
on superstructure peaks. Its relevance will be emphasized
the classes of ordered materials where LRO is related to
presence of anomalous atoms in two~or more! local environ-
ments. Two situations can be encountered:~i! the distances
of the resonant atom to its nearest neighbors are differen
the two sites;~ii ! the environment of the anomalous atom
consists of different neighbor elements, for example, lo
and high-Z atoms or vacancies in various proportions for t
two ~or more! sites.

With respect to conventional XRD, which is the usu
way of measuring the LRO parameter, our method does
seem to be very easy to carry out. But, in a conventio
XRD experiment, this parameter is usually deduced from
intensity ratio of a superstructure peak to a fundamen
peak. Consequently, we need an isolated diffraction pea
both types, whereas the same information can be obta
from a DAFS spectrum recorded on a single superstruc
peak. In the present work, we are interested in the dete
nation of the LRO parameter in the binary and terna

FIG. 8. FT of thek2-weighted DAFS data presented in Fig.
~a! a-FeSi2-derived binary silicide;~b! a-FeSi2-derived phase in
the ternary silicide;~c! CaF2- type phase in the ternary silicide; do
represent experiments, and full lines the simulations. Inset: FT
Co K-edge DAFS recorded from~dots! binary CoSi2, and~full line!
CaF2-type phase in the ternary silicide.
6-7
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TABLE I. Structural parameters derived from the analysis of Fe and CoK-edge DAFS spectra recorde

on the 001 superstructure peak (a tetragonal phase in the ternary silicide and binary FeSi2) and the 111̄
fundamental peak (CaF2-type phase in the ternary silicide and binary CoSi2).

Pair R ~Å! N s2 (Å2) h d

Binary FeSi2 Fe-Si 2.37~1! 8 0.003~1! 0.9~1! 0.27~1!

~Fe K edge! Fe-Fe 2.70~2! 4 0.004~1!

TS: a tetragonal Fe-Si 2.37~1! 8 0.003~1! 0.8~2! 0.27~1!

phase~Fe K edge! Fe-Fe~Co! 2.70~2! 4 0.005~1!

TS: CaF2-type Fe-Si 2.36~1! 8 0.005~1!

phase~Fe K edge! Fe-Fe~Co!

TS: CaF2-type Co-Si 2.32~1! 8 0.006~1!

phase~Co K edge! Co-Co~Fe! 3.80~2! 12 0.011~2!

Binary CoSi2 Co-Si 2.32~1! 8 0.003~1!

~Co K edge! Co-Co 3.79~2! 12 0.007~1!
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a-FeSi2-type phases by using DAFS. In any case, the LR
study in the TS by classical XRD is not possible because
isolated fundamental peak is available for thea phase: In-
deed both CaF2-type anda tetragonal phases are derive
from the same disordered CsCl-type phase, and their fun
mental peaks cannot be separated.

We address now the occupation factors of the two Fe s
in the thin Fe silicide films. Unlike the CoSi2-based thin
films which are made of a totally ordered cubic CaF2-type
phase, the FeSi2 thin films present a tetragonal structur
with additional sites, characterized by their degree
vacancy.11,12,14The DAFS signal recorded on a superstru
ture peak is sensitive to that partial order through two effe
the occupation factor difference between the two types
metallic ~001! planes and the relative positions of the plan
in the unit cell.

Moreover, some assumptions can be made in order to
prove the fitting procedure. The Co concentration in the m
tallic sites of thea tetragonal phase of the TS is found to
only about 5%. The nominal composition of this phase
Co0.05Fe0.95Si2, very close to that of the binary FeSi2 com-
pound. Whereas the incorporation of a large amount of F
the CaF2-type lattice induces strong distortions
Co0.6Fe0.4Si2 with respect to binary CoSi2,22 the tetragonal
structure ofa-FeSi2 anda-Co0.05Fe0.95Si2 should be similar.
Following these considerations, the fitting structural para
eters for thea-FeSi2-type phases can be defined in a sligh
different way here than in Sec. IV B 2, in order to extra
more information about long-range order ina-FeSi2 anda-
Co0.05Fe0.95Si2: the lattice parameters are used as varia
parameters instead of path lengths, which allows taking
account the MS paths without increasing the number of
justable parameters.

Before describing the fitting procedure, we explain t
meaning of DAFS data collected on superstructure pe
about LRO. The structure of thea-FeSi2 phase observed in
the bulk phase diagram at high temperature (T.1210 K)
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ks FIG. 9. Schema of the layout of the Fe planes in the binary
disilicides: ~a! bulk ordereda-FeSi2 phase;~b! disordered CsCl-
type FeSi2; ~c! partially ordereda-FeSi2-derived phase.
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SHORT- AND LONG-RANGE ORDER IN IRON AND . . . PHYSICAL REVIEW B67, 094116 ~2003!
can be described as a stacking of Fe filled and empty~001!
planes atz50 and z5c/2, respectively, separated by S
planes. A representation of this ordered phase is given in
9~a!. The thin strained epitaxial FeSi2 films crystallize in
tetragonal structures, which are disordered or partially
dered, depending on the preparation conditions. Actua
when a binary FeSi2 thin film (,100 Å) is grown epitaxially
at room temperature with the ratio Fe:Si of 1:2 on Si~111!, its
structure can be considered as derived from the cubic C
type observed in FeSi silicides grown on Si~111!, with va-
cancies randomly distributed in the Fe planes,11,12,14accord-
ing to the sketch of Fig. 9~b!. After annealing this disilicide
at 925 K, an ordering of the vacancies is observed: one~001!
Fe plane over two is partially emptied and the other pla
enriched. An alternate distribution takes place alongz axis
that can be described as a stacking of partially full and em
~001! Fe planes, alternating with full Si planes@Fig. 9~c!#. To
describe this order along thez axis, we can definec1 andc2,
the occupation factors of the two~001! Fe sublattices. The
occupation factors reported by Jedrecyet al.11 for FeSi2
grown epitaxially by solid phas epitaxy~15-Å-thick silicide
annealed at 773 K) are aboutc15 5

6 andc25 1
6 . The degree

of chemical order can also be described by the long-ran
order parameterh defined ash5c12c2. With this definition
of h the maximum of chemical order (h51) corresponds to
the a-FeSi2 bulk phase (c151, c250) and its minimum
(h50) to the CsCl-type phase (c15c250.5 with a random
distribution of the Fe vacancies on both Fe sublattice!.
Since c11c251 at any composition, we obtainc15(1
1h)/2 andc25(12h)/2.

On the other hand, the relativez positions of the two Si
planes are different in the ordered phase (0.27•c and 0.73
•c for thea-FeSi2 bulk phase11! and in the disordered phas
(0.25•c and 0.75•c for the CsCl-type phase!, wherec is the
lattice parameter of the tetragonala phase along thez axis.
This structural change can be described by a parametd
varying between 0.25 and 0.27, defined by the positions
the Si planes atz5d•c and atz5(12d)•c. Consequently, a
precise knowledge ofd ~that can be deduced from the Fe-
and Fe-Fe bond length! provides information on the LRO in
the partially ordereda-FeSi2-type phase. The correlation be
tween the values ofh and d will allow to test whether the
results are meaningful.

In a diffraction experiment, the spectra must be record
on the superstructure peaks in order to access LRO. Le
develop the formula of the DAFS oscillations in the case
the 001 superstructure peak. In the elementary cell of
deriveda-FeSi2-type phase, there are four metallic sites
z50 with an occupation factorc1.0.5, four metallic sites
located in antisite positions atz5c/2 with an occupation
factor c2,0.5, and eight Si sites in intermediate positio
~occupation factorcSi51) at z5d•c andz5(12d)•c. The
structure factor can be written as

F~QW ,E!54•c1• f M114•c2• f M2•eip14• f Si•ei2pd

14• f Si•ei2p(12d)

54•@c1• f M12c2• f M212• f Si•cos~2p•d!#,

~6!
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where f M1 and f M2 are the atomic scattering factors of th
metal atoms located atz50 andz5c/2, andf Si is the atomic
scattering factor of the Si atoms. When the DAFS spectr
is recorded at the metal~Co or Fe! K edge, the atomic factors
f M1 and f M2 of the anomalous atoms split into a smooth p
and an oscillatory part, according to Eq.~1!. Let us notex1
andx2, the two complex fine-structure factors, which are t
corrections tof M1 and f M2 due to the local atomic environ
ments of anomalous atoms at each position (z50 and z
5c/2). In the present case,x1 andx2 are associated with the
two different local Fe environments in this phase, i.e.,
environments of the atoms located in a Fe-rich plane~at z
50) and a Fe-poor plane~at z5c/2), respectively. We can
also define the average and the difference of complex fi
structure factors,x̄5(x11x2)/2 andDx5x12x2. The am-
plitude ofDx is directly related to the value ofh ~it becomes
0 whenh50, and is maximum whenh51).

According to the formula~3!, the modulation of the struc
ture factor~namely, ‘‘the DAFS oscillations’’! can be written
as a linear combination ofx1 andx2:

xsup5c1•x12c2•x2

5
11h

2
•x12

12h

2
•x2

5h•x̄1
1

2
•Dx. ~7!

This equation highlights the connection between the mo
lation (xsup) of the structure factor characteristic of the 00
superstructure peak and LRO along thez axis: for the disor-
dered CsCl-type phase,c15c250.5, x15x2, and conse-
quently xsup50; in contrast, for the bulk ordered
a-FeSi2-type phase,c151, c250, and consequentlyxsup
5x1.

By analyzing a DAFS spectrum recorded on a superstr
ture diffraction peak and normalized according to the f
mula ~3!, one can obtain information on the order parame
in the partially ordereda-FeSi2-type phase. This information
is much less accurate from the EXAFS or DAFS spec
recorded on a fundamental peak: in these cases, the DAF
EXAFS oscillations can be written as

x f ond5c1•x11c2•x25
11h

2
•x11

12h

2
•x25x̄1

h

2
•Dx.

~8!

If the environments characterized byx1 andx2 are not very
different ~i.e., if h and Dx are near zero andd is close to
0.25!, we obtainx f ond'x1 at the second order inh. In con-
trast, for the spectrum recorded on the 001 peak, the DA
oscillations always depend on the order parameter, even ix1
andx2 are not very different:

xsup5
11h

2
•x12

12h

2
•x2'h•x1 . ~9!

Consequently, DAFS recorded on the superstructure pea
quite sensitive to the LRO parameter sincexsup depends on
6-9
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O. ERSENet al. PHYSICAL REVIEW B 67, 094116 ~2003!
h at the first order. In contrast, the major contribution
DAFS recorded on the fundamental peakx f ond is x̄. There-
fore, xsup is much more sensitive toh thanx f ond .

In order to estimate more accuratelyd values for the Si
planes in these partially ordered phases, and to corre
them to h, in the simulations we expressed the Fe-Si a
Fe-metal distances as functions ofd, a, and c, the lattice
parameters. Note that this approach is quite acceptable
cause the Co content in the tetragonal phase of the T
small and the local distortions around Fe atoms are ne
gible. Moreover, since the vacancies are randomly dist
uted on the two metallic planes of this structure, theFEFF6-
calculated backscattering amplitudes are multiplied by
occupation factors of the metallic sites involved in each sc
tering path. Furthermore, the relevant DAFS oscillations
these partially ordered tetragonal phases are expressed
function of two contributions corresponding to the two d
ferent atomic environments, according to the formula~7!. In
this way, the free parameters used in the fits are the la
parametersa, h, andd and the DW factors for the single
scattering paths. Note that the lattice parameterc was fixed at
the values previously measured by XRD.

The FeK-edge DAFS data collected with reflection 00
@Figs. 7~a! and 7~b! for a-FeSi2 and the TS, respectively#
look very similar, with a minimum of the amplitude aroun
9 Å21, which is typical of close Fe-Si and Fe-Fe distanc
~see Sec. IV A!. The corresponding FT are shown in Fig.
the splitting of the NN peak is clearly observed on bo
curves, less marked on the FT of the TS spectrum@Fig. 8~b!#.
In the binary FeSi2 and the tetragonal phase of the TS, t
Fe-Si and Fe-Fe distances are found to be 2.37 and 2.7
respectively. The values of the long-range order parame
are given in Table I.

V. DISCUSSION

XRD and HRTEM reveal the presence of two distin
phases in the ternary silicide. Since Fe and Co atoms are
differentiated by these techniques, a quick analysis co
conclude a phase separation into two binary compoun
namely, FeSi2 and CoSi2. However, the CoK-edge EXAFS
data of the TS and CoSi2 (CaF2) silicide present significan
differences. Therefore, this phase separation can be ruled
It becomes evident that the situation is more complex. T
anomalous diffraction reveals the presence of Fe in b
phases~40% in the metallic sites of the CaF2-type phase and
95% in the metallic sites of thea tetragonal phase! that
makes impossible the analysis of the local order around
atoms from EXAFS measurements.22 Nevertheless, by re
cording the DAFS spectra on two different peaks~character-
istic of the CaF2-type anda tetragonal phases!, we are able
to differentiate the local environment of Fe atoms in ea
phase.

The discussion is now focused on two main points t
have not been extensively treated until now, concerning
contribution of DAFS to the structural study of multiphas
and partially ordered materials: First, we recall the advant
of the DAFS technique over XAFS technique in the study
local order in a mixed phase. Secondly, we highlight a m
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advanced potentiality of DAFS, which appears to be a go
technique for providing information on LRO in the classes
materials listed in Sec. IV B 3.

A. Short-range order

The atomic structure of the two phases is more ea
understood by the analysis of DAFS oscillations. Let us
gin with the analysis of the local order in the metallic sites
the tetragonal phases, namely, a-FeSi2 and
a-Co0.05Fe0.95Si2. Their structure should be very similar, be
cause they are grown epitaxially in the same conditions
the Co amount in the tetragonal phase of the TS is only ab
5%. This hypothesis is confirmed by the similar forms of t
DAFS data and the FT corresponding to both phases~Figs. 7
and 8!, as well as the similar values of the NN and nex
nearest-neighbor distances derived from the fits of d
~Table I!. However, the DW parameters of the ternary tetra
onal phase are higher than those of the binary FeSi2. Indeed,
the iron silicide tetragonal lattice, which is not suited to c
balt silicide, seems to be distorted by the insertion of Co

The results of the analysis of CaF2-type phases of the
binary CoSi2 and ternary Co0.6Fe0.4Si2 have been describe
elsewhere.22 Let us summarize the main features of the
phases deduced from the analysis of the DAFS spectra
Co0.6Fe0.4Si2, either Co or Fe atoms occupy the metallic sit
of this CaF2-type phase. The Co-Si and Fe-Si bond leng
are found to be 2.32 Å and 2.36 Å, respectively. The lat
value is close to the Fe-Si bond length in the tetragonal ph
~2.37 Å!. Nevertheless, Fe and Co atoms are located
equivalent sites, with eightfold coordination in the CaF2-type
lattice, and the significantly larger Fe-Si distances indu
lattice distortions. They are revealed in the damping of
Fourier-transformed contribution at about 3.80 Å at both
and CoK edges with respect to CoSi2, but not in the lattice
symmetry.

Moreover, we can now account for EXAFS spectra
corded from the TS~Sec. IV A!. Each of them~Fe and CoK
edges! splits into two DAFS spectra, related to fundamen
and superstructure peaks, respectively. The calculated
K-edge EXAFS curve of the TS and its corresponding FT
presented in Figs. 2~a! and 3~a! ~full lines!, respectively.
They are obtained from a linear combination of threex9
functions: each of them corresponds to each of the th
different sites of Fe atoms~two sites are located in thea
tetragonal phase and one in the CaF2-type phase!. These dif-
ferent contributions are calculated by using theFEFF6 pro-
gram with the structural parameters derived from the anal
of Fe K-edge DAFS recorded at both 111¯and 001 peaks. In
view of the low concentration of Co in thea tetragonal
phase, the CoK-edge theoretical EXAFS curve of the T
@Figs. 2~c! and 3~c!, full lines! is calculated using the struc
tural parameters derived from the analysis of CoK-edge
DAFS recorded at the 111¯ peak only. We find that DAFS
technique, which adds spatial and site selectivity to XAFS
a powerful approach to investigate the short-range orde
nanostructured advanced materials.
6-10
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B. Long-range order

In Sec. IV B 3, it was shown that DAFS spectra record
on the 001 superstructure peak of the tetragonal phase
related not only to short-range order around Fe but also
LRO. Such phases are indeed characterized by theirh LRO
parameter, which is related to the occupation factors of
metallic sites atc with respect toc/2. In the binary FeSi2
silicide, we geth50.9 ~Table I!. This value is very close to
1 and corresponds toc150.95 andc250.05. This new result
shows that the ordering in the tetragonal epitaxial disilic
is almost as perfect as that in the bulk equilibrium phase
also appears to be much more ordered than the layer
tained by Jedrecyet al.:11 these authors showed thatc1
'0.83 andc2'0.17, corresponding toh50.67. In the ter-
nary a-Co0.05Fe0.95Si2, the metallic planes contain a sma
amount of Co atoms, about 5%, as shown from the quan
tive anomalous diffraction measurements. The smaller va
of the LRO parameter in this phase (h50.8) suggests tha
the Co atoms occupy rather antisite positions~at z5c/2).
Indeed, in the partially ordered tetragonal phase@Fig. 9~c!#,
there are two Si-metal interplanar distances, from Si atd•c
to metallic atoms atz50 on one hand, and metallic atoms
z5c/2 on the other hand. The former interplanar distan
equal tod•c , is slightly longer than the latter, equal toz
5c/22d•c (d.0.25). In consequence, since the Co-Si d
tance is usually shorter than that of Fe-Si, the planesz
5c/2 better accommodate the location of Co atoms than
planes atz50.

Thed values deduced from the simulations are reported
the last column of Table I. They are roughly equal to 0.
~the maximum value ofd, corresponding to the totally or
dered bulk phase! and consequently in fair agreement wi
the high value of theh parameters.

The sensitivity of DAFS to LRO could be improved b
choosing the x-ray beam polarization perpendicular to
~001! planes, along which full and empty metallic plan
alternate with Si planes. Experiments are in progress in o
to improve the accuracy of the determination of out-of-pla
distances by recording DAFS on Bragg peaks having vari
spatial orientations.

VI. CONCLUSION

In this study, the chemical order in Co and Fe disilicid
is thoroughly investigated in terms of short- and long-ran
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order by using the DAFS technique. Previously, EXAFS w
emphasized due to its ability to differentiate between lo
environments of different atoms, even close in the Perio
Table. The short-range order around Fe and Co in the bin
standard compounds is typical of thea-FeSi2 and CoSi2
(CaF2) phases, respectively. The comparative study
anomalous diffraction at Fe and CoK edges on two XRD
peaks clearly indicates that both elements are present in
two phases of the ternary silicide film. In such a situatio
EXAFS is unable to derive information about interatom
distances and coordination numbers of each element in e
phase. The DAFS technique is well suited to separately so
the local structure. Thus, since the iron atoms are presen
substantial amounts in both phases of the ternary silicide,
analysis of the two sets of FeK-edge DAFS data allows the
characterization of the local environment of Fe in each
them, while FeK-edge EXAFS data recorded from the sam
sample appear to be a mixing of the two. The use of DA
permits to take advantage of the selectivity of XRD and
obtain accurate values of the structural parameters.

Beyond this application of the new DAFS synchrotro
technique, interesting fundamental conclusions can be
rived from this study concerning the connection between
chemical order in a complex material and the XRD sup
structure peaks. We have demonstrated that DAFS reco
on a superstructure peak yields information about LRO
classes of materials where LRO is related to several dist
environments of the same element. In the most cases,
measurement of the intensity ratio of the superstructure
the fundamental peak is enough to reach this goal. Howe
this approach has to be considered in mixed phases, whe
fundamental peaks of two or several phases are supe
posed.
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