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The kinetics of long-period superlattice �LPS� formation from the disordered state has been examined in a
Cu0.79Pd0.21 alloy that exhibits a one-dimensional LPS ordered state. Time-resolved x-ray scattering shows that,
following a rapid temperature quench from the disordered state into the LPS region of the phase diagram, the
satellite peaks initially grow more quickly than do the central integer-order superlattice peaks. During this
process, the satellite peak position, which is inversely related to the average modulation wavelength 2M,
initially decreases rapidly, then reaches a minimum and relaxes slowly back toward its new equilibrium
position. In the later stages of the LPS formation process, the satellite and central integer-order superlattice
peaks narrow in a manner consistent with t1/2 domain coarsening. A simple stochastic model of the partially
ordered structure was developed to better understand the relationships between peak widths.
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I. INTRODUCTION

The kinetics of phase transformations in alloys continues
to be an important topic from both fundamental and techno-
logical viewpoints. In developing a basic understanding of
alloy phases and kinetics, long-period superlattice �LPS� al-
loys present particularly intriguing challenges. These sys-
tems are characterized by the existence of an ordered phase
in which there is a modulation of the local order between
antiphase domains. The formation kinetics of such complex
structures from the disordered state has been little investi-
gated. Here we describe a detailed study of the ordering ki-
netics in a classic LPS system, Cu-Pd, in the composition
range where the equilibrium ordered state of interest has a
one-dimensional modulated structure.1–5 The kinetics was in-
vestigated experimentally using synchrotron-based time-
resolved x-ray diffraction. In addition, a simple stochastic
model of the partially ordered structure was developed to
understand the relative peak widths in different reciprocal
space directions.

II. Cu-Pd ALLOY STRUCTURE

The Cu-rich Cu-Pd alloys exhibit structures based upon
face-centered-cubic �fcc� lattices. In the high-temperature
disordered structure, Cu and Pd atoms occupy fcc sites at
random, though short-range chemical order �SRO� exists. In
the L12 ordered structure with ideal stoichiometry Cu3Pd, Cu
atoms preferentially occupy face centers and Pd atoms pref-
erentially occupy corners of the unit cell. Since there are four
equivalent sites in the fcc unit cell, there is a factor of 4
degeneracy in the L12 ordered structure. Antiphase bound-
aries �APB’s� between ordered regions can be either “conser-

vative” or “nonconservative.”6 A conservative APB separates
two ordered regions that differ from each other by a transla-
tion vector parallel to the plane of the APB interface. In this
case, the local stoichiometry at the interface remains un-
changed. A nonconservative APB separates two ordered re-
gions that differ from each by a translation vector with a
component perpendicular to the APB interface. In this case
the local stoichiometry of the interface is changed. In the L12
structure region of a phase diagram, there is a free-energy
cost to forming APB’s, and none exist in equilibrium. Be-
cause the nearest-neighbor atomic environment is not
changed by the presence of conservative APB’s, these are
typically lower in energy than nonconservative APB’s.

In contrast to the situation for the L12 structure, LPS alloy
phases contain APB’s as an integral part of their structure.
Thus they exhibit a modulation of the order, with average
domain size M between APB’s. The Cu-Pd alloys are a clas-
sic LPS system with one-dimensional �1D� modulated struc-
tures at Pd concentrations of approximately 18%–28% and
two-dimensional �2D� modulated structures at elevated tem-
peratures and Pd concentrations of approximately
24%–32%.7 The APB’s in the 1D LPS state are conservative,
while in the 2D LPS state, one direction has conservative
APB’s while the other direction has nonconservative APB’s.
Below approximately 23% Pd, the 1D LPS states are incom-
mensurate and have a period �5�M �15� which varies con-
tinuously with concentration and temperature. At higher Pd
compositions, the 1D LPS states are commensurate �3�M
�5� and do not change much with temperature.

Much of the equilibrium behavior of the Cu-Pd system
has been explained using Fermi surface arguments.8–11 Using
KKR-CPA electronic calculations, Ceder et al.12 have calcu-
lated effective pair interactions which, when put into a mean-
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field model, qualitatively reproduce the 1D LPS states found
in Cu-Pd alloys. The presence of antiphase correlations in the
disordered state has also been associated with Fermi surface
nesting in the �110� directions. This is believed to lead to
Friedel-type oscillations in the effective pair interaction be-
tween atoms in this direction. Analogies have also been
drawn between LPS alloy behavior and that of the axial next-
nearest-neighbor Ising �ANNNI� model.13 In the ANNNI
model, modulated phases are stabilized by entropic rather
than enthalpic effects.

The diffraction pattern from a L12 structure exhibits “fun-
damental” Bragg peaks for which the crystallographic indi-
ces �h k l� are all of the same parity. These are independent
of the degree of order, and thus exist even in the fcc disor-
dered state. The L12 ordering, i.e., the alternation of pure and
mixed planes, also produces peaks at the integer-order “su-
perlattice” reciprocal lattice points where h, k, and l are not
all of the same parity. If the ordering is imperfect, then the
superlattice peaks are broadened. However, because conser-
vative APB’s separate regions of order that differ by a vector
that lies in the plane of the interface, their presence causes an
anisotropic broadening of the integer-order superlattice
peaks. Thus integer-order superlattice peaks typically exhibit
a “pancake” shape in reciprocal space, with the short dimen-
sion of the pancake being inversely proportional to the aver-
age distance between nonconservative APB’s, and the long
pancake dimension inversely proportional to the average dis-
tance between a combination of conservative and nonconser-
vative APB’s.6

In addition to the L12 integer-order superlattice peaks at
appropriate integral reciprocal lattice positions, the recipro-
cal space structure of the 1D LPS phase of Cu-Pd alloys has
satellite peaks separated from these by q0= �2M�−1. Figure
1�a� shows the scattering for a single variant of the ordered
alloy with the long-period modulation along the �001� direc-
tion. For a Cu-Pd sample consisting of all three possible
variants, there are four satellites in a plane around each cen-
tral integer-order superlattice point, as shown in Fig. 1�b�.
Finally, in the disordered state, above the order-disorder tran-
sition, antiphase fluctuations still give rise to diffuse satellite
peaks, but the peaks at the reciprocal space positions disap-
pear, as diagramed in Fig. 1�c�.

For simplicity, we will refer to the �001� direction normal
to the plane of the four satellites as “out-of-plane.” Note that
an “out-of-plane” scan defined in this fashion need not nec-
essarily pass through the �001� reciprocal space point. Thus a
scan from the �0 0 0.9� through the �0 0 1� reciprocal lattice
points is “out-of-plane,” but so is one from the �0 q0 0.9�
through the �0 q0 1.0� by this definition.

Experimentally, we typically find little difference in peak
widths in different directions within the plane of the satel-
lites. We will simply refer to all directions in the plane of the
satellites as “in-plane.” Thus a scan passing from the �0 0 1�
through the �0 q0 1� reciprocal lattice points would be an
“in-plane” scan, as would one passing from the �0 0 1�
through the �q0 0 1�.

III. EXPERIMENTAL DETAILS

Experiments were performed on a polished �0 0 1� cut
Cu0.79Pd0.21 single crystal grown at the Office National

d’Etudes et de Recherches Aérospatiales �ONERA�. The
composition was verified by microprobe. The x-ray rocking
curve width of the crystal, giving the mosaic spread, was
0.2 ° HWHM. At the temperatures studied, these crystals
typically exhibited equilibrium antiphase domain sizes in the
ordered state of M � 5.8–6. During the real-time x-ray ex-
periments, the sample was heated inside a small high
vacuum chamber with a hemispherical beryllium window to
allow optimal x-ray access. The furnace utilized a boron-
nitride heater heat sunk to a water-cooled copper block. To
promote temperature uniformity during the kinetics experi-
ments, helium gas was flowed through the chamber with 1
atm pressure during experiments. The helium was initially
rated 99.999% pure. Before entering the chamber, it passed
through a Ti gettering furnace to remove any residual oxygen
and water vapor. An oxygen sensor monitored the exhaust
gas flow; it routinely measured less than 10−6 ppm oxygen
contamination. After over 20 hours of experimentation at
high temperature, no oxidation of the crystal was visible by
eye. A thermocouple mounted in the sample holder directly
beneath the crystal measured the sample temperature. Over-

FIG. 1. Comparison of the diffraction patterns from the 1D LPS
phase and the disordered phase of Cu-Pd. Large solid circles denote
fundamental peaks; small hatched circles denote superlattice peaks;
small solid circles denote satellite peaks. �a� A single variant with
the long-period modulation along the �0 0 1� direction; �b� all three
variants present; �c� center of diffuse peaks in the disordered phase.
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all this thermal geometry typically allowed the crystal to be
rapidly cooled by �T�100 K and thermally stabilized in 8
s. Absolute temperatures were calibrated with thin-film al-
loys of Si-Au, Si-Ag, and Si-Al, which have published eu-
tectic temperature of 636 K, 850 K, and 1108 K �Ref. 14�,
respectively.

Kinetics experiments were performed on beam line X20C
of the National Synchrotron Light Source �NSLS� at
Brookhaven National Laboratory. Experiments used either a
high-flux wide-bandpass W-Si multilayer monochromator
��E /E�1.5% � or a high-resolution Si�111� monochromator.
In both cases the photon energy was 6.90 keV and typical
beam size was 0.4 mm�0.4 mm. The scattering was mea-
sured with a CCD-based x-ray area detector from Princeton
Instruments Corporation. Typical time resolution was ap-
proximately 1 s. Because the x-ray angle of incidence was
fixed at ��15° –20 ° in the experiments, the area detector
monitored the structure factor evolution over a slightly
curved surface in reciprocal space that was inclined by an
angle � with respect to the out-of-plane direction. For late-
stage kinetics studies in which domain sizes became large,
the observed peak line shapes were corrected by removing
the experimental resolution function. Using the high-
resolution Si monochromator, typical instrumental resolution
broadening in the reciprocal space region of interest �includ-
ing crystal mosaic spread� was approximately 0.002 recipro-
cal lattice units �rlu� in the out-of-plane direction and 0.004
rlu in the in-plane direction. The accuracy of these numbers
was verified in a scan of the fundamental �0 0 2� Bragg peak.
In addition to the kinetics data presented here, we have ear-
lier published a diffuse x-ray scattering study of the disor-
dered state of this crystal.15

IV. EXPERIMENTAL RESULTS

A. Equilibrium behavior

We have previously reported the equilibrium behavior of
the short-range order fluctuations in the high temperature
disordered state in this sample.15 The transition temperature
between the disordered and LPS phases was estimated using
slow �2 K/min� ramps up in temperature while monitoring
the intensity of the satellite peaks in a state that was initially
well ordered. Figure 2 shows such a ramp scan, with an
estimated transition temperature of approximately 765 K.
Extrapolations of the diffuse scattering intensity above the
transition suggest the presence of an ordering spinodal at
approximately 751 K, so that the ordering spinodal is de-
pressed below the first-order transition by less than 2%. Pub-
lished phase diagrams7 suggest that the two-phase region
near the transition is small—only a few degrees in width.

Using a Ginzburg–Landau free-energy, Finel16 has shown
that the low-order coupling between satellite and integer-
order superlattice ordering waves leads to a difference in
their equilibrium temperature dependence below the
transition.17 In particular, this model suggests that there is a
primary order parameter associated with the satellite peaks
which should increase with temperature below an effective
critical point Tc as �Tc−T�1/2. The model predicts that a sec-
ondary order parameter associated with the integer-order su-

perlattice peaks should increase as �Tc−T�. In a kinematic
scattering approximation, the intensity of the x-ray Bragg
peaks should be proportional to the square of the order pa-
rameter if ordered domain sizes are constant. Thus this
model would predict that the satellite peaks should exhibit a
�Tc−T� temperature dependence while the central integer-
order superlattice peaks should exhibit a �Tc−T�2 temperature
dependence. Although we have not examined this prediction
in detail, we note that the data of Fig. 2 is qualitatively in
accord with Finel’s prediction. The satellite peak intensity
starts growing before the integer-order superlattice peak in-
tensity with decreasing temperature below the transition.

B. Initial ordering kinetics

In our studies of the ordering kinetics, the crystal was
typically equilibrated at 803 K in the disordered state before
quenching to a temperature below the phase transition to
follow the kinetic evolution. The scattering was examined in
the vicinity of both �0 0 1� and �0 1 1� superlattice points, as
well as the �0 0 2� fundamental peak. Using the area detector,
two of the four satellites could be simultaneously observed
near the �0 0 1�. All four satellites could be observed simul-
taneously near the �0 1 1�, though they could not all four be
brought into the ideal diffraction condition for the area de-
tector simultaneously. Two CCD frames from a typical or-
dering process are shown in Fig. 3. The various peaks are
sensitive to different LPS ordered variants. An ordered vari-
ant with the antiphase modulation perpendicular to the
sample surface �i.e., along the �0 0 1� direction� gives rise to
a peak at the �0 0 1� reciprocal lattice position and satellites
at �0 1 1±q0�. The ordered variant in the �1 0 0� direction,
i.e., in the sample plane, gives rise to a peak at the �0 1 1�
superlattice position and satellites at �±q0 0 1�. By compar-
ing the kinetics as observed in the two different reciprocal
space regions, we were able to examine to what extent the
variant normal to the sample surface behaved differently than
the two in-plane variants. No significant differences were
observed. Moreover, we focus here on regimes in which the
ordering process appears to be happening homogeneously on
a fine scale much smaller than the absorption length of the x

FIG. 2. Variation of superlattice and satellite intensities as a
function of temperature. Data was taken with a ramp rate upward of
2 K/min. A phase transition temperature of 765 K is estimated from
the change in curvature of the peak intensities.
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rays into the crystal �several microns�. Thus the kinetics re-
sults we present below are believed to be characteristic of the
bulk as a whole and not influenced by the presence of the
surface.

The typical quench time of 8 s allowed the sample to be
quenched and equilibrated at temperature below the transi-
tion with very little change in scattering �see Fig. 4�. Thus
we observed isothermal kinetics from a very early stage. Ob-
servations of the �2 0 0� peak �Fig. 5� showed that the lattice
relaxed during the temperature quench itself. For a quench
from 803 K to 726 K, the 2� of the peak �2 0 0� changed
from 57.76 ° to 57.82°. Correspondingly, the lattice constant
contracted from 0.3714 nm to 0.3710 nm, i.e., approximately

0.09%. The linear thermal expansion coefficients for Cu and
Pd are 1.7�10−5 K and 1.2�10−5 K, respectively. By as-
suming that the thermal expansion of the binary alloy is the
molar weight average of each species, we can estimate the
thermal expansion coefficient of Cu0.79Pd0.21 to be approxi-
mately 1.6�10−5 K. The 50 K temperature drop is thus es-
timated to have caused approximately 0.1% contraction. This
indicates the peak shift during the quench is mostly due to
thermal effect. There was no indication from the �2 0 0� peak
of further lattice relaxation during the ordering process, nor
did we see evidence of peak splitting associated with the
small tetragonal distortion occurring in the ordered phase.

Our previous studies of the diffuse scattering in this
Cu-Pd alloy15 suggested the presence of an ordering pseu-
dospinodal at approximately 751 K. We have examined the
ordering kinetics primarily for quenches near and below this
temperature. Following a rapid quench of the disordered
sample into the continuous ordering regime, the satellite
peaks present in the disordered phase grow and narrow much
more quickly than do the peaks at the integer-order superlat-
tice positions. This can be seen in the intensity plot of Fig. 6.
Indeed, in the disordered phase and in the early stages of
ordering, there is no peak at the integer-order superlattice
position. Given the above considerations, this indicates that
antiphase structures are forming but that the translations re-
lating neighboring domains in the growing structures are
relatively random.

The free-energy of Finel’s approach16 can be used in a
Langevin equation to predict the ordering kinetics. If higher
order terms are neglected, a simple linear theory18 of con-
tinuous ordering in the alloy is obtained which suggests that,
as observed, the satellite peak intensity should grow more
rapidly than the integer-order superlattice intensity during
the early stage of the ordering process. However, this simple
linear theory also predicts exponential growth of the satellite
intensity during the early stage ordering below the pseudo-
spinodal. This is not observed; instead the satellite peak in-
tensities always display a negative curvature �i.e., downward
curvature� as a function of time. It should be pointed out that
any exponential growth regime present should be easily seen,
as the scattering intensity typically grows by less than 30%
during the quench process itself. Such nonlinear behavior is
frequently observed in metals.

FIG. 3. Raw CCD image of the data near the �1 1 0� point dur-
ing the ordering process. The central peak is the �1 1 0� and there
are four neighboring satellites due to the developing antiphase cor-
relations. �a� 980 s after quench, �b� 2980 s after quench.

FIG. 4. The time evolution of the satellite peak intensity during
and after a quenching process from 806 K to 726 K. There is very
little evolution of the scattering during the quench itself.

FIG. 5. The time evolution of the fundamental �2 0 0� peak dur-
ing and after a quench from 803 K to 751 K.
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The evolution of the peak widths is complex. In the sat-
ellites, the out-of-plane peak width is always slightly larger
than the in-plane peak width. The central integer-order su-
perlattice peak is very wide in the initial stages of the order-
ing process. As the LPS formation progresses, however, the
central peak width in the out-of-plane direction becomes
comparable to those of the satellites. The central peak is
always significantly wider in the in-plane direction than in
the out-of-plane direction.

During the very initial stages of the ordering process fol-
lowing a quench, the satellite peak splitting decreases, i.e.,
the modulation wave number q0 decreases, suggesting that
the average modulation wavelength is increasing �see Fig. 7�.
This follows the trend with decreasing temperature observed
for the disordered alloy.15 However, after this initial period,
q0 begins to increase again, though at a much slower rate.
This effect is more pronounced at lower quench tempera-
tures. A possible explanation for the observed nonmonotonic

evolution of the peak splitting is discussed in the conclusions
below.

C. Late-stage kinetics

In order to investigate the late stages of the LPS ordering
process, the isothermal transformation kinetics was investi-
gated over time scales as long as 12 hours. The practical time
limitations of performing experiments at the synchrotron pre-
vented lengthier studies. At late times, the out-of-plane width
of the integer-order superlattice peak becomes comparable to
the out-of-plane width of the satellite peaks, but the in-plane
width of the satellite peaks remains somewhat smaller than
both. In contrast, the in-plane width of the integer-order su-
perlattice peaks remained considerably larger.

In an alloy exhibiting simple ordering kinetics, the
integer-order superlattice peak line shape usually exhibits a
dynamic scaling during the coarsening process such that the
integrated peak intensity is constant.19 In the more compli-
cated LPS case examined here, the anisotropic line shapes
make experimental determination of the integrated intensity
difficult. However, we have systematically examined the dy-
namic scaling of the satellite and integer-order superlattice
peaks by normalizing their line shapes by their widths and
peak intensity. Typical results for the �1 0 0� superlattice
peak evolution in the out-of-plane direction are shown in
Fig. 8. As can be seen in the figure, after approximately 40
minutes in the case of a 723 K quench, they exhibit good
scaling behavior. The predicted scaling forms19 for simple
“Model A” �nonconserved order parameter�20 coarsening ki-
netics can be approximated by a Lorentzian squared function
which fits the data well. Similar behavior is seen in the
integer-order superlattice in-plane line shape and in the sat-
ellite line shapes in both the in-plane and out-of-plane direc-
tions.

For alloys exhibiting coarsening kinetics with a noncon-
served order parameter, the peak width w typically follows
the Cahn-Allen law:21 w−2−w0

−2=at, where w0 and a are con-
stants and t is time. In order to investigate whether the ob-
served line-shape evolution is consistent with the Cahn-Allen

FIG. 6. The growth of peak intensities for the satellite and su-
perlattice peak following a quench to 723 K. The zero of time is set
to be when the sample temperature reaches equilibrium. Due to the
complicated peak shapes arising during the kinetics, the data could
not be fit at the earliest times following the quench. Only the satel-
lite peaks appear then as distinct peaks.

FIG. 7. The nonmonotonic change of the satellite peak splitting
q0 as a function of time following a quench to 723 K. The time for
temperature equilibration is approximately 8 s. The zero of time is
set to be when the sample temperature reaches equilibrium. The
solid line is a fit to a power law relaxation as discussed in the text.

FIG. 8. The scaling behavior of the superlattice peak evolution
in the out-of-plane direction. Data times after quench to 723 K
shown in minutes. The solid line is the approximate scaling Lorent-
zian squared function.
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law, we have plotted w2 as a function of time; Fig. 9 shows
the result for different peak widths for a quench to 723 K.
Reasonably good linear behavior is observed for all four.

The slope of the Cahn-Allen curves increases systemati-
cally with increasing quench temperature, as shown in Fig.
10. This is expected since the constant a in the Cahn-Allen
law is proportional to the atomic diffusivity, which itself
should be thermally activated. In Fig. 11, an Arrhenius semi-
log plot of the experimental a values does show an approxi-
mately straight line, with a slope corresponding to an activa-
tion energy of 2.7±0.3 eV. Although we cannot find any
measured values of the diffusion activation energy in Cu-Pd
alloys near this composition, this value is somewhat larger
than the published activation energy �1.66±0.23 eV� for in-
terdiffusion in Cu/Pd multilayers.22 While we are not in a
position to independently measure the vacancy equilibration
time following a quench in the crystal studied, the high ac-
tivation energy measured here suggests that the vacancy con-
centration has equilibrated by the onset of late-stage coars-
ening.

We conclude, then, that the late-stage kinetics appears to
be consistent with the Cahn-Allen prediction, despite the

complexities of the LPS structure. It is noteworthy that the-
oretical investigations of coarsening in ANNNI models have
also found agreement with the Cahn-Allen w� t1/2

prediction.23,24

V. STOCHASTIC MODEL OF OBSERVED RECIPROCAL
SPACE STRUCTURE

It would be interesting to undertake a detailed micro-
scopic modeling at the atomic scale to reproduce the correct
statistical fluctuations that lead to the APB dynamics, and to
the related peak profiles. This has not been done here. How-
ever, some insight into the causes of the observed relative
peak widths and intensities �integer-order superlattice and
satellite� can be gained from a simple stochastic model of the
partially ordered structure with periodic APB’s following the
method of Hendricks and Teller.25 This model only treats the
statistics of consecutive APB’s, with a fixed spacing between
them. All smaller scale fluctuations are ignored. Despite its
simplifying assumptions, this model reproduces the main
characteristics of the experimental observations.

Consider, for simplicity, a square-wave antiphase modu-
lation in the x direction with six unit cells of one ordered
sublattice followed by six unit cells of a different ordered
sublattice, forming a modulated structure with short-range
order. As mentioned above, there are four possible sublat-
tices on which atoms can order in the L12 structure. Given an
antiphase domain ordered on one sublattice, there are three
possibilities for the next antiphase domain in the sequence.
One of those three possibilities will have a conservative APB
with the original antiphase domain. Thus, this boundary will
have a low energy, and we denote the probability that this
particular sublattice follows the original as �x�1. Alterna-
tively, one of the other possible ordered sublattices �which
have higher energy nonconservative APB’s with respect to
the first domain� could follow the original with a probability
�x= 1

2 �1−�x�. In the two directions perpendicular to the
modulation �i.e., the y and z directions�, at each unit cell
there is the possibility of a change of sublattice ordering �i.e.,
a nonequilibrium domain wall�. We take the probability that
there is a conservative domain wall between two unit cell

FIG. 9. Inverse peak width squared as a function of time for
integer-order superlattice �“sup”� and satellite �“sat”� peaks in the
in-plane and out-of-plane �“plane-perp”� directions after a quench
to 723 K.

FIG. 10. Inverse peak width squared as a function of time for
the superlattice peak in the radial direction at different quench
temperatures.

FIG. 11. Arrhenius plot of the prefactor a in the Cahn-Allen
law.
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neighbors in the y or z directions to be �y. The probability
that there is a nonconservative domain wall between two unit
cell neighbors in the y or z directions is taken as 2�y. The
probability that no APB occurs between given neighboring
unit cells in the y and z directions is then �1−�y −2�y�. For
simplicity we assume no correlations between APB’s in the
x, y, and z directions. Then the scattered intensity can be
written as

I�h,k,l� = �x1�y1�z2	F1 + F2 − F3 − F4	2 + �x1�y2�z1	F1 − F2

+ F3 − F4	2 + �x2�y1�z1	F1 − F2 − F3 + F4	2, �1�

where

�x1 =
1 − �x

2

1 + �x
2 + 2�x cos�12	h�

, �2�

�x2 =
2�x�1 − �x�

1 − 2�x�1 − �x� − �2�x − 1�cos�12	h�
, �3�

�y1 =
1 − �1 − 2�y − 2�y�2

1 + �1 − 2�y − 2�y�2 − 2�1 − 2�y − 2�y�cos�2	k�
,

�4�

and

�y2 =
1 − �1 − 4�y�2

1 + �1 − 4�y�2 − 2�1 − 4�y�cos�2	k�
. �5�

The �z1 and �z2 are similar to the �y1 and �y2 but with the
reciprocal space coordinate “k” replaced by “l.” The F1, F2,
F3, and F4 are the structure factors for “super” unit cells six
fcc unit cells long in the x direction. They are ordered on the
four possible sublattices, in particular with the Pd site at
�0 0 0�, �1 1 0�, �1 0 1� and �0 1 1�, respectively.

A key attribute of this simple model is that it correctly
incorporates the phase relationships across APB’s. In the
limit that the lattice is becoming well ordered with �1−�x�

1 and �y,�y 
1, the � terms reduce to Lorentzian line
shapes near the appropriate satellite and integer-order super-
lattice peaks. The HWHM of a satellite peak in the x direc-
tion �which is a “in-plane” direction in our previous termi-
nology� is �12	�−1�1−�x�= �6	�−1�x. The HWHM of an
integer-order superlattice peak for the modulated structure
�e.g., �1 0 0�� in the out-of-plane direction is �6	�−1�1−�x�
= �3	�−1�x. Thus, we see that broadening of the satellite and
integer-order superlattice peaks in these directions is simply
proportional to the probability of encountering a nonconser-
vative APB. However, because of the phase relationships
across the relevant APB’s, the model predicts that the width
of the integer-order superlattice peaks in the out-of-plane di-
rection is twice the width of the satellite peaks in the in-plane
modulation direction �the x direction in this case�. The data
of Fig. 9 are consistent with the direction of this effect,
though the actual peak width ratio is somewhat less than a
factor of 2.

In this same well-ordered limit, the in-plane width of an
integer-order superlattice peak of the modulated structure is
	−1��y +�y�. Two terms contribute to the out-of-plane width

of a satellite peak. If we assume that conservative APB’s are
much more common than nonconservative APB’s �i.e. �y
��y�, then the satellite out-of-plane peak width becomes
�2/	��y. In this limit, this is much smaller than the in-plane
integer-order superlattice peak width of 	−1��y +�y�. Indeed,
the data of Fig. 9 are consistent with a ratio of �y to �y of
3–4.

A final striking feature of Fig. 9 is that the out-of-plane
peak widths of the integer-order superlattice and satellite
peaks are essentially equal. This is easily understood from
this model if �x=6�y. Since �x is defined as the probability
of having a nonconservative APB every six unit cells, while
�y is defined as the probability of having a nonconservative
APB between neighboring unit cells, this result simply
means that nonconservative APB’s are equally likely in the
modulated direction and in the two perpendicular directions.

Thus this simple stochastic model, despite its limitations,
explains the main features of our experiments.

VI. DISCUSSION AND CONCLUSIONS

As seen in the experimental kinetics data, the processes
by which Cu-Pd alloys develop a one-dimensional LPS
structure from the disordered state are complex. However,
though we are not yet in a position of being able to under-
stand the observed behavior quantitatively, much of the ki-
netics behavior can perhaps be understood at a qualitative
level.

The detailed time-resolved x-ray scattering data show that
during the ordering process, concentration waves at the sat-
ellite positions initially grow more rapidly than do those at
the integer-order superlattice positions. As discussed above,
this is consistent with a Ginzburg-Landau free-energy func-
tional approach in which the ordering instability is associated
with the modulation wave vectors. This approach also cor-
rectly predicts the observed relative equilibrium behavior of
the modulated and integer-order superlattice order param-
eters just below the transition point.

A second qualitative observation is the nonmonotonic
evolution of the average modulation wave number q0. As
noted above, the initial decrease of q0 following a quench is
consistent with the direction of the equilibrium change in
splitting with temperature above the transition.15 It is pos-
sible that the subsequent slow increase in q0 may be associ-
ated with defects at the boundaries between local regions of
LPS order.26 If so, we would expect the effect of such inter-
facial defects to decrease as the density of interfaces in-
creases, i.e., as the average domain size grows. As discussed
above, the Cahn-Allen growth appears to be applicable dur-
ing the coarsening of domains, so that the average domain
size grows as the square root of a reduced time t�. Thus, in
this model, the slow relaxation of q0 would follow a behavior
q0�t��q0f −bt−1/2, where b is an unknown constant that de-
pends upon the rate of coarsening and the effect of defects.
In fact, this algebraic relaxation can well fit the observed
behavior as shown by the solid line in Fig. 7.

Finally, we have also seen that the observed anisotropies
in peak shapes can largely be understood by considering the
differing effects of conservative and nonconservative APB’s
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on the x-ray scattering pattern. This has been taken into ac-
count by a stochastic model of the alloy structure during
ordering. While such qualitative understanding is revealing,
however, detailed understanding of the complex kinetics ob-
served here will require further advances in theory and/or
simulations.
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