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Real-space characterization of short-range order in Cu-Pd alloys
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Cu-Pd alloys containing 10, 20, 30, 40, and 50 at. % Pd and quenched from a temperature just above the
ordering temperatureTc are investigated by electron diffraction and high-resolution electron microscopy
~HREM!. The results show diffuse electron diffraction intensities at$100% and$110% positions for the alloy with
10 at. % Pd, but with a characteristic twofold and fourfold splitting for the alloys with more than 10 at. % Pd.
High-resolution images show the formation of microdomains best developed between 20 and 30 at. % Pd. A
real-space characterization has been performed by applying videographic real-structure simulations revealing
that the splitting of the diffuse maxima depends on the average distance between microdomains of
Cu3Au-type in antiphase with each other. By applying image processing routines on the HREM images,
correlation vectors are identified which correspond to correlations between microdomains.
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I. INTRODUCTION

Copper-palladium alloys quenched from a temperat
aboveTc show a characteristic diffraction pattern with di
fuse intensities at or around the$100% and $110% positions
due to short-range order~SRO!. Cu-Pd alloys containing
more than 13 at. % Pd show twofold and fourfold splitting
these diffuse maxima. The separation of the split maxi
increases with increasing Pd content.1–3

The relation between the local atomic arrangement ab
Tc and shape and intensity of the split diffuse maxima h
been the aim of many publications over the past forty ye
One of the first papers on SRO in Cu3Pd was published by
Watanabe1 in 1959. The author interprets the diffuse inte
sity in the diffraction pattern by assuming that short cha
of one-dimensional antiphase domains, with the same pe
of step shift as in the ordered state, may exist randomly
disordered state. In 1973 a qualitative study of the diffu
intensities of Cu-Pd alloys in the composition range betw
13 and 60 at. % Pd has been performed by elect
diffraction.2 The authors used the Fermi surface imag
theory proposed by Sato and Toth4 for long-period
structures. They concluded that the pair interaction poten
in the Cu-Pd system originates mainly from conduction el
trons and that diffuse scattering reflects the flat section of
Fermi surface. In addition to this, Kubo and Adachi5 showed
that the splitting can also be related to the Fermi wave ve
KF . In 1974 Hashimoto6 proposed a correlative micro
domain model for short-range ordered Cu3Pd. He stated the
existence of small ordered microdomains of Cu3Au-type mu-
tually antiphase correlated within a disordered matrix, wh
causes the fine structure of the diffuse scattering. Ohsh
et al.7 quantitatively measured the diffuse x-ray-diffractio
intensities for Cu-29.8 at. % Pd and determined the Warr
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Cowley SRO parameters. They pointed out that higher or
parameters~beyond the 15th shell! play an important role in
the appearance of the split diffuse maxima, although th
magnitudes are small compared with those of lower or
parameters. Gyorrfy and Stocks8 calculated the Fermi sur
faces for disordered Cu-Pd alloys and stated that the cha
teristic composition-dependent splitting of the diffu
maxima is due to parallel sheets of flat Fermi surface, a
that the positions are directly related to the Fermi vector

In 1983, Van Tendeloo and Amelinckx9 revealed, by
high-resolution electron microscopy, evidence for the pr
ence of microdomains in Cu70Pd30 alloys quenched from
aboveTc . Tanaka and Ohshima

10 investigated alloys with 21
and 29.8 at. % Pd, quenched from the SRO state, by h
resolution electron microscopy. The authors suggested
existence of small ordered regions in a disordered matrix
proposed the existence of antiphase correlations, but sho
no direct proof of this. A quantitative study of SRO diffus
scattering from the disordered state in the composition ra
from 8 to 42 at. % Pd was performed by Sahaet al.3 It
showed that for Cu-Pd alloys with Pd contents below
at. % Pd no splitting of the diffuse intensity occurs. T
structural interpretation of the diffuse intensities was p
formed based on the correlative microdomain model
Hashimoto.6 The existence of small ordered domains
Cu3Au type correlated with each other was assumed. W
the aid of a simulation program, Suzukiet al.11 and Ohshima
et al.12 tried to generate possible local atomic arrangeme
with the size of 10310310 fcc unit cells using the SRO
parameters, but the results did not show splitting of
maxima. However, they were able to reveal, in good agr
ment with the result of Ohshimaet al.,7 that higher order
parameters~beyond the 15th shell! play an important role in
the appearance of the split diffuse maxima.
14 173 © 1997 The American Physical Society
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FIG. 1. Electron diffraction patterns of differ
ent Cu-Pd alloys quenched from a temperatu
above Tc ~@001# incidence!. ~a! Cu90Pd10, ~b!
Cu80Pd20, ~c! Cu70Pd30 ~splitting-distancem indi-
cated!, ~d! Cu60Pd40, ~e! CuPd, ~f! same as~d!,
but with overenhanced contrast to visualize t
diffuse streaks.
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In spite of these numerous studies on the binary Cu
alloy system, it is still questionable to which extent var
tions in the diffuse intensities of the diffraction pattern a
related to the atomic arrangement in real space. In
present study, we use high-resolution electron microsc
~HREM! and electron diffraction to investigate the SRO st
of Cu-Pd alloys in the composition range between 10 and
at. % Pd. The HREM images are evaluated applying rec
image processing routines.13 In addition, the videographic
simulation procedure14,15 is applied on the Cu-Pd alloys. Th
comparison of the results obtained from the experime
images and from the videographic simulations is used to
velop a structural interpretation for the characteristic sh
of the diffuse maxima in the Cu-Pd system.

II. EXPERIMENT

Cu-Pd alloys containing 10, 20, 30, 40, and 50 at. %
were prepared by melting the pure metals Cu and Pd m
five times in the correct ratio in an arc-furnace under 0.5
argon atmosphere. The ingots were encapsulated in ev
ated quartz tubes and annealed for homogenization
1100 °C for one week. The composition of each alloy w
checked by measuring the lattice constants using x rays
independently from this, by chemical analysis. After homo
enization the ingots were rolled into sheets with a thickn
of about 0.1 mm and discs with a diameter of 3 mm we
punched out of these sheets. The discs were again enca
lated in quartz-tubes and heated to 800 °C for 48 h to h
dislocations introduced by the rolling. Next the capsu
were quenched in ice water. Foils for the transmission e
tron microscopy~TEM! study were then thinned by twin-je
polishing. For alloys with less than 25 at. % Pd an elect
lytic solution of 13.3 vol. % HNO3 ~65%! and 87.7 vol. %
methanol was used~U528 V, I'1 A! and, for alloys with
more than 25 at. % Pd, a solution of 20 vol. % HNO3 ~65%!
and 80 vol. % methanol~U533 V, I'1.25 A!. The cleaning
was performed in methanol.

High-resolution observations were made by using a 4
kV electron microscope~Jeol JEM 4000EX,Cs51.07 mm!
equipped with a top-entry goniometer. A 200 kV analytic
electron microscope~Philips CM20! with EDX was used to
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perform chemical analysis. For image analysis the obser
micrographs were digitalized with 256 grey levels from po
tive prints with the aid of a computer aided image process
system. To assist the interpretation of the atomic configu
tion for the short-range ordered state of the Cu-Pd alloys,
videographic simulation procedure was used14,15 on an IBM
RS6000 computer.

III. RESULTS

A. Electron diffraction

The characteristic electron diffraction patterns of differe
Cu-Pd alloys are shown in Fig. 1. Diffuse scattering is v
ible at and around the$100% and $110% positions, in agree-
ment with all previous observations. For the alloys w
more than 10 at. % Pd a twofold splitting at the$100% posi-
tions and a fourfold splitting at the$110% positions is clearly
visible. The splitting distancem @indicated in Fig. 1~c!#
shows a monotonic increase with increasing Pd con
~Table I and Fig. 9!. Note thatm is internally calibrated and
measured relative to the distance between the fundame
spots~000! and~200!. The fine structure of the diffuse inten
sities at the$110% positions consists of four weak streak
with a slight curvature@overenhanced in Fig. 1~f!#. The po-
sitions of the fourfold split maxima correspond to the inte
sections of these diffuse streaks. Though it is hard to co
pare intensities of different electron diffraction patterns, o
can qualitatively conclude that the intensity of the split d
fuse maxima increases from 10 over 20 to 30 at. % Pd

TABLE I. Values of the splitting distancem ~measured in terms
of the distance between the 000 and 200 spots! determined by elec-
tron diffraction.

Pd content~at. %! m

10 –
20 0.069
30 0.123
40 0.209
50 0.282
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then decreases again. The diffuse intensity in the Cu50Pd50
alloy was much weaker than for alloys with 10 at. % P
These observations are in good agreement with the re
obtained in Refs. 2 and 3.

B. Videographic simulations

HREM images can only indirectly confirm a structur
model by allowing to compare the experimental image c
trast with the simulated image contrast of the proposed st
ture model. Because of the lack of suitable models for SR
earlier TEM investigations9,10 could not be interpreted com
pletely in terms of the real structure. In the present inve
gation the videographic method developed by Rahman14 and
Rahman and Rodewald15 has been used for the generation
real-structure models for different Cu-Pd alloys, and it h
then to be proved that they are in agreement with the h
resolution observations.

To simulate a real structure using the videograp
method, a set ofn structure variantsw j (x,y,z) ( j
51,2,...,n) containing one or more atoms must be derive
These structure variants are distributed using a random v
ableJ taking the valuesj ( j51,...,n) with certain probabili-
ties determined by the distribution function ofJ. In case of
short-range ordering in anAB alloy, the experimental short
range order~SRO! parametersa lmn can be used to derive
influence factorsKlmn for the correlation vectorslmn con-
necting two atoms of typeA in the simulation~mA andmB
are the atomic fractions ofA andB atoms in the alloy!:

Klmn5@12~12a lmn!mB#/mA5
Plmn
AA

mA
.

It therefore represents the probability (Plmn
AA ) to find an

A-A pair connected with the interatomic vectorlmn. During
the simulation procedure the influence factorsKlmn introduce
deviations from a random distribution with the desired co
position of theA andB atoms on the fcc sites. In this way
short-range-order model is generated. Based on the p
ciples of the videographic simulation method, the struct
variantsw j (x,y,z) ~in this case single Cu or Pd atoms! are
replaced by picture elements with different grey levels c
responding to the difference in scattering power. The res
ing simulation can therefore be displayed and stored a
videographic image. Finally the real structure ima
S(U,V,W), resulting from a three-dimensional simulatio
using correlation vectors, can be expressed as follows:

S~U,V,W!5(
u

U

(
v

V

(
w

W

wJuvw
~uvw!,

where (u,v,w)5 integers,wJuvw(uvw)5structure variant of
typeJ at uvw position,Juvw5random variable foruvw po-
sition. To check the result of a simulation, the Fourier tra
form of the real-structure imageS(U,V,W) is calculated and
compared with the experimental diffraction pattern.

The correlation vector simulations for the Cu-Pd allo
were performed using the SRO parameters determined
Sahaet al.3 It was necessary to use parameters up to the 3
shell in the simulation to obtain the correct splitting of t
diffuse intensities. In the case of Cu3Au, Ni4Mo, and
.
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Au4Mn it was sufficient to use correlation vectors up to t
6th shell to simulate the short-range order of these alloy15

This observation confirms the suggestion of Ref. 7 t
higher order parameters~beyond the 15th shell! play an im-
portant role in the appearance of the split diffuse maxim
The simulations used for a final structural interpretation
the diffuse diffraction intensities contained more than 2 m
lion atoms~1283128332 unit cells!. Figure 2~a! shows a
two-dimensional section out of the videographic correlat
vector simulation of Cu70Pd30 in the SRO state, Fig. 2~b!
shows the Fourier transform of the whole three-dimensio
simulation field. The splitting of the diffuse intensities at th
$100% and $110% positions is clearly visible, and the split
distancem is exactly the same as the one found in expe
mental diffraction patterns of an alloy of this compositio
The structural evaluation of the simulation shows the form
tion of small domains ofL12 (Cu3Au) type in antiphase.
Some of these domains are encircled in Fig. 2~a!. It must be
noted that the Fourier transform of a two-dimensional s
tion out of the same simulation exhibits only the fourfo

FIG. 2. ~a! Two-dimensional section out of the three
dimensional videographic real-structure simulation of Cu70Pd30
~lines have been added to visualize correlations of type^2,0&!. The
simulation was performed using SRO parameters determined
Sahaet al. ~1992!. L12 domains standing in antiphase are encircle
~b! FT of the whole simulation field.
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FIG. 3. Two-dimensional videographic simu
lation of a distribution of smallL12 domains with
increasing antiphase distance in a disordered m
trix ~lines have been added to visualize corre
tions of type ^2,0&!. The diffractograms are
shown in the insets.~a! Antiphase-vector̂ 2,1&
preferred,~b! antiphase-vector̂4,1& preferred,~c!
antiphase-vector̂6,1& preferred, ~d! antiphase-
vector ^8,1& preferred.
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splitting and no splitting of the diffuse intensities at the$100%
positions due to the absence of antiphase correlations in
third dimension.

In order to prove this antiphase-domain model, tw
dimensional videographic simulations were performed d
tributing small L12 domains ~one unit cell! with a mean
antiphase distance~Fig. 3!. During these simulations it wa
revealed that the generation of an antiphase boundary
pendicular to another antiphase boundary at the same
tance is not favorable. It results in a rotation over 45° of
split diffuse maxima and was therefore suppressed in
simulation. This behavior shows similarities with results o
tained by Rahman16 for Cu3Au. Enlarging the ordered do
mains does not influence the splitting, only the integral
tensity of the diffuse maxima increases with increas
domain size. The final comparison of simulations represe
ing different compositions shows that the splitting of t
diffuse maxima depends on the average distance betwee
domains in antiphase, rather than on the domain size.
most important correlations are therefore vectors of ty
^n,1& (n52,4,6,...) which connect the antiphase domains
the different Cu-Pd alloys. At the same time Pd-Pd confi
rations connected by the vector^1,1& or by vectors of type
^11n,11n& (n52,4,6,...) areavoided by the system.

C. High-resolution electron microscopy

In order to prove or reject the models obtained from
videographic simulations, high-resolution electron micro
copy images were taken for the different Cu-Pd alloys. F
ures 4~a! and 4~b! show bright field HREM images along th
@001# zone of Cu-Pd alloys with 20 and 30 at. % Pd, resp
tively. The fcc basic structure is clearly seen. Moreover
random fragmentation in microdomains, containing appro
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mately 9 to 15 unit cells, is also visible. In this context,
should be noted that it was not possible under these ima
conditions to reveal microdomains in alloys with 10 at. %
more than 40 at. % Pd.

The HREM images will now be interpreted in order

FIG. 4. HREM image of Cu80Pd20 ~a! and Cu70Pd30 ~b!
quenched from aboveTc ~@001# incidence!. Some microdomains are
indicated by arrows.
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FIG. 5. Illustration of the image processin
routine to convert the HREM image of Fig. 4~b!
to a distribution of dots containing approximate
the same SRO content.~a! Diffractogram of the
original HREM image,~b! histogram of the col-
umn dot’s maxima of the HREM image,~c! result
after inverse Fourier transform of the diffuse in
tensity selected in~a! by the indicated ring filter,
~d! distribution of dots, indicating the positions o
the local maximum intensities in~c!. For ~c! and
~d!, only a part of the result is shown.
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find the most important correlations which induce the diffu
intensity splitting. It is first checked whether the SRO info
mation of interest is indeed present in the correspond
HREM images. Figure 5~a! shows the diffractogram~i.e., the
intensities of the calculated Fourier transform! calculated
from Fig. 4~b! ~30 at. % Pd!. Clearly, the intensities are
much weaker and more spread out, as compared to the
tron diffraction pattern. This is due to the small area which
taken into account, resulting in a limited statistics. Imp
tantly, the splitting of the~110! and ~100! reflections is still
present, indicating that the corresponding SRO informat
can be retrieved from the HREM image. From this diffra
togram, two-dimensional SRO parametersa lm can be calcu-
lated by an inverse. Fourier transformation of the diffu
intensity:

a lmn5
1

mAmBNV*
E
V*
I D~g!e22pgrlmdg.

The values for the closest neighbors and for some vector
the type^n,1& are given in Table II. Caution has to be take
in the interpretation of these numbers: the values suffer fr
a poor statistics and from the dynamical scattering of e
tron diffraction. Moreover, only projected~two-dimensional!
SRO parameters can be calculated from HREM. Never
less, they give very useful indications on the importance
some correlations. In Table II, Pd-Pd vectors of the ty
^4,1&, ^6,1&, and ^2,0& occur relatively frequently. The very
low value for a1,0 indicates that the system tries to avo
nearest neighbors of the same kind. The high value ofa2,0 is
clearly related to the presence of the projectedL12 and/or
the L10 clusters. The importance of the correlations f
larger vectors is more difficult to assess, since these corr
tions are highly influenced by the correlations over sho
distances. As pointed out in the Introduction and in S
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III B, long-range correlations are needed to explain the sp
ting of the diffuse diffraction peaks. Because it is difficult
predict from the SRO parameters which paramete~s!
precisely contribute~s! to this splitting, we use the real-spac
information present in the HREM image of Figs. 4~a! and
4~b!. One can easily derive that the diffuse intens

TABLE II. Two-dimensional SRO parameters, measured via
diffractogram of the HREM image of Fig. 4~b!. The coordinates of
the vectors are measured with respect to the smallest possible
cell of the square@001#-projected fcc lattice. To convert them int
fcc coordinates, they must be divided by two.

l ,m a lm

1,0 20.233
1,1 20.065
2,0 10.226
2,1 20.079
2,2 10.107
3,0 20.134
3,1 20.037
3,2 20.050
4,0 10.033
4,1 10.061
3,3 20.006
5,1 10.020
6,1 10.058
7,1 10.012
8,1 10.000
9,1 20.005
10,1 20.021
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I D(g) in a diffractogram is expressed as~De Ridderet al.17!:

I D~g!5(
j

^~ f j2^ f &!~ f j112^ f &!& je
~2p ig•r j !.

FIG. 6. Starting from Fig. 5~d!, different pair correlations are
visualized.~a! ^1,1& and ^2,0& vectors,~b! @4,1#, @4,21#, and @0,2#
vectors. Arrows indicate some typical clusters,~c! @6,1#, @6,21#,
and @0,2# vectors.
This summation extends over all image pointsr j of the
HREM image having different grey levelsf j and an average
grey level^ f &. It may be clear from this that very bright o
very dark column dots may largely contribute to the diffu
intensity. Figure 5~b! illustrates the grey level distribution fo
Fig. 4~b!, where only one characteristic pixel per column d
was taken into account~in this case the pixel with the maxi
mum grey level!. When compared to the average grey lev
more bright column dots occur in this example than da
column dots. Therefore, we focus our attention to the inte
columns only. It has also been shown that for such nons
metrical grey level distributions, the bright dots in th
HREM image correspond to the atomic column positions
stead of to the empty channels in between the columns.13

To characterize the SRO, the experimental HREM ima

FIG. 7. Diffractograms for some subsets of points of Fig. 5~d!.
~a! and~b! result from the subset of points that can be connected
the vectors indicated in Fig. 6~b!, respectively, 6~c!.
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FIG. 8. Hypothetical two-dimensional supe
structures and corresponding diffraction pattern
containing the typical clusters observed in Fi
6~b!, respectively, 6~c!.
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will now be converted to a binary black-and-white ima
which maintains the SRO information. This binary image
obtained by an image processing routine, which can be s
marized as follows. After Fourier transformation of the orig
nal image, a ring filter is applied in Fourier space with a s
indicated in Fig. 5~a!: only the diffuse intensity of interes
has been selected, while all Bragg peaks of the underly
fcc lattice are put to zero. Inverse Fourier transformation
the selected area yields Fig. 5~c!. In this intermediate result
all local intensity maxima are sought and indicated in F
5~d!. This is the binary image, indicating all column pos
tions which give bright image intensities and which contr
ute to the SRO. It has been verified that Fig. 5~d! has quali-
tatively the same diffractogram as the original HREM imag
including the spot splitting of interest. This preliminary r
sult is much more manageable and correlations between
umns can be found easier. More details on the image
cessing and the physical consequences of the method
described in Ref. 13.

Starting from Fig. 5~d!, different correlations between se
lected columns are drawn in Fig. 6. Figure 6~a! shows all
^1,1& and ^2,0& correlations. One easily recognizes theL12
and/or theL10 microdomains. It must be noted that tw
overlappingL12 microdomains in antiphase can result af
projection in a two-dimensionalL10 configuration. Guided
by the results of the videographic simulations, the corre
tions ^4,1& and ^6,1& are also studied. In Fig. 6~b!, the com-
bination of vectors@4,1#, @4,21#, and@0,2# is shown. In some
cases@see arrows in Fig. 6~b!#, the vector@0,2# is connected
with the head or tail of a@4,1# or @4,21# vector, which some-
times results in typical clusters, such as the parallelogram
the isosceles triangles. As shown in Table II, these corr
tion vectors indeed occur frequently. It is also instructive
select from Fig. 5~d! only those points which are mutuall
correlated by one of the vectors@4,1#, @4,21#, or @0,2#. This
subset of points represents 68% of the full set of points fr
Fig. 5~d!. Its diffractogram is shown in Fig. 7~a!. This dif-
fractogram contains local intensity maxima at the positio

( 12 00) and~3200! where there is no intensity in the origina
electron diffraction pattern. It is suggestive for a new tw
dimensional superstructure, as shown in Fig. 8~a!. The typi-
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cal clusters in Fig. 6~b! can be retrieved from this superstru
ture @indicated by solid lines in Fig. 8~a!#. A similar
reasoning has been applied for the^6,1& family of vectors.
Figure 6~c! shows the correlations@6,1#, @6,21#, and @0,2#.
The corresponding subset of points results in the diffrac
gram of Fig. 7~b!. The superstructure which generates t
clusters of interest is shown in Fig. 8~b!.

IV. DISCUSSION

Irrespective of the absolute intensities of the diffuse sc
tering in the discussed Cu-Pd alloys, the present system
resents an almost complete transition from the~100! type of
diffuse scattering (m50) to the ~11

20! type @m51/(2&)#.
The results from the simulations by the videographic meth
and their confirmation by HREM and subsequent image p
cessing, show that Pd-Pd connecting vectors of the t
^n,1& can explain the observed splitting. It will be discuss
in a more general paper that the presence of antiphase bo
aries betweenL12 domains is related to the fact that th
diffuse intensity always is positioned along the lin
$x10%* . The average distancen between two domains is
then 1/x.18

Below Tc and depending on the composition, the Cu-
alloy can reach either theL12 structure, a one- or a two
dimensional long-period antiphase boundary struct
~LPAPB!. These LPAPB’s are characterized by a peri
M , whereby the splitting distance along one of the lin
$x10% in the corresponding diffraction pattern is 1/M . The
valueM then corresponds to the periodicity of the LPAP
structure. These phenomena have been studied in full d
in the past.4,19 Applying the same definition to the prese
observations of SRO, the relationship betweenM andm is
M51/(2&m). The temperature-dependentM values from
Broddinet al.19 are converted tom values and shown in the
~concentration,m! diagram of Fig. 9. There is a clear corre
spondence between them values above and belowTc .
Whereas belowTc , them is directly related to the periodic
ity of the structure, it is now found that aboveTc the corre-
spondingm indicates long-range correlations. Hence it c
be stated that, in a first approximation, the tendency to fo
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FIG. 9. ~Concentration,m! diagram for obser-
vations both above and belowTc ~data from Ref.
2 and Ref. 19!.
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LPAPB’s is already present in the SRO state of CuPd, e
when the domain formation of theL12 structure is not yet
fully established.

The observation of the long-range correlations does
necessarily prove the existence of long-range interactio
But according to the Krivoglaz-Clapp-Moss formula,20,21,22

the maxima in the SRO diffuse intensity indicate the minim
of the interatomic potentialV(g) in reciprocal space

I ~g!5CS 12
TcV~g!

TV~gm! D21.

Tc is the transition temperature,gm is the position where the
potentialV reaches a minimum, andC is a normalization
constant. The occurrence of diffuse spot splitting hence in
cates the existence of long-range interactions. The cont
ous increase of this splitting according to the Pd concen
tion can be explained by the changing number of electr
per atom~e/a ratio!, as pointed out by Sato and Toth.4 In
1973, the theory of Sato and Toth has been applied to
Cu-Pd system and the result is in good agreement with
experiment.2

The direct-space observations in the present work
qualitative rather than quantitative. As for the videograp
method, one should realize that real-space configurations
rived from diffraction data by whatever algorithm, give on
results for the pair correlations. All other cluster correlatio
larger than pairs, cannot be retrieved from the diffract
pattern. In principle, HREM can also show larger cluste
since also the phase of the electron wave is of importanc
the image formation. The correlations which are visualiz
by HREM are, however, correlations between atom colum
not between the atoms themselves. Due to the structure
jection, the influence of defocus of the objective lens, and
unknown sample thickness, it is hard to retrieve the con
of these columns. The image processing routine, describe
the previous section, has the result that only those colu
are selected which contribute to the SRO and which dev
from the average column composition, as shown by the
togram analysis@Fig. 5~b!#. Obviously, some important cor
relations have disappeared by this procedure, while o
columns of less importance can be selected. The binary
age showing the selected columns@as Fig. 5~d!# still con-
n
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tains much of the original SRO information, since its diffra
togram clearly exhibits the diffuse spots on the corr
positions. Of course, the original grey level HREM ima
contains still more SRO information, but the main advanta
of this binary result is that pair correlations can easily
imaged. Moreover, a certain subset of points herein can
selected in order to identify specific characteristics of
original diffractogram.

V. CONCLUSION

In the past, research on the SRO in Cu-Pd was focus
on reciprocal space observations. The present contribu
reveals as much as possible the characteristics of SRO in
space. The results from the videographic simulations, st
ing from experimental SRO parameters, are confirmed by
projected configurations observed by HREM. Detailed ana
sis of the configurations, both from simulations and HRE
observations, taught us that Pd-Pd correlation vectors of
type^n,1& occur, where the inverse value ofn is proportional
to the splitting distance of the diffuse diffraction spots. The
characteristic vectors are shown to be related to the dom
size in the LPAPB structures which occur belowTc . The
corresponding Pd-Pd correlations can occur in the SRO s
independent of the occurrence ofL10 or L12 clusters. The
intensity of the diffuse spots reaches a maximum between
and 30 at. % Pd, when theL12 domain size is largest. This i
consistent with the fact that the perfectL12 structure corre-
sponds to anA3B composition. Diffuse streaking of the spl
reflections has been observed in the electron diffraction
terns. It is perpendicular to the split direction for the twofo
splitting and along thê110& directions for the fourfold split-
ting. The cause of this streaking will be discussed in a s
sequent paper.18
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