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The kinetics of ordering and coarsening in single-crystal CusAu are studied by use of time-resolved x-
ray scattering. After a quenching from high temperatures to fixed temperatures below the order-
disorder temperature, three regimes are apparent: nucleation, ordering, and coarsening. The superlat-
tice peaks are anisotropic, reflecting the domain structure. The line shape of the scattering function
changes with time during the crossover from the ordering to the coarsening regime. The late-stage coar-

sening is consistent with curvature-driven growth.

PACS numbers: 61.50.Ks, 64.60.Cn, 64.60.My, 82.20.Mj

The nonequilibrium kinetics of first-order phase transi-
tions is one of the most fascinating problems in statistical
physics.! Evidence'™ from theory, computer simula-
tions, and experiments indicates that universal laws exist
for the late-time development of long-range order in a
system approaching equilibrium after a quench. The cri-
teria for different universality classes remains an open
question, but must at least include whether the order pa-
rameter is conserved or nonconserved, and the degenera-
cy, p, of the ordered ground state.®

Binary alloys are convenient model systems for investi-
gating kinetic phenomena. The conserved-order-pa-
rameter (COP) process of phase separation has been ex-
tensively studied experimentally.">”®  Surprisingly,
there has been far less investigation of the approach to
equilibrium in order-disorder transitions, in which the
order parameter is nonconserved (NCOP).>"!2 In this
Letter we report a time-resolved x-ray scattering study
of the approach to equilibrium in CusAu. The results
confirm that three distinct physical regimes can be dis-
tinguished: nucleation, ordering, and coarsening.'® The
two types of domain walls'* that form in Cu3Au give rise
to anisotropic scattering at reciprocal-space superlattice
points characterizing the order.'> In addition, the late-
time scaling limit can be identified via the evolution of
the scattering line shapes.

The situation is depicted schematically in Fig. 1. Ini-
tially the alloy is annealed at high temperatures in the
disordered state, and at time ¢ =0 it is rapidly quenched
to a fixed temperature below the ordering temperature,
T.. After the quench, a nonzero incubation time may
elapse before the onset of critical nucleation. Droplets of
the ordered phase then appear, embedded in a matrix of
disordered phase [Fig. 1(a)l. The individual droplets
may be in any of the p-allowed ground states. As time
passes, the isolated droplets grow in size; this process
may be termed ordering. Eventually the domain meet

[Fig. 1(b)], and the system is composed of domains in
different ground states separated by domain walls. At
this point the coarsening process begins and the average
size of the domains continues to grow [Figs. 1(b) and
1(c)].

At late times in the coarsening regime the system can
be characterized by a single length scale, L (¢), the aver-
age size of an ordered domain at time z.! The system is
then self-similar under a rescaling of both space and
time. The domain size grows with a characteristic power
law,

L(t)~1° 1)

(a)

————————
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_

FIG. 1. Ordering and coarsening after a quench: (a) order-
ing shortly after the onset of critical nucleation; (b) early
stages of domain coarsening; (c) late-stage coarsening.
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For curvature-driven growth, one expects a = 7 ; this is
known to be correct for a NCOP system with p =2 and
no random impurities.'®'” The structure factor for the
order parameter also exhibits scaling' of the form

SQ,1)=[L(1)1S:(gL (1)), 0))

where q=Q — G, G is the ordering wave vector, d is the
spatial dimensionality, and € =q/q. The scaling function
S is in general anisotropic, and reflects the structure of
the domains and the form of the domain walls.3

The CusAu system has been widely studied and is a
classic example of the order-disorder transition.'> The
solid solution forms a fcc crystal and below 7, = 390°C
orders in the L1, structure (Au on the corners, Cu on the
face centers) with ground-state degeneracy p =4. Using
time-resolved x-ray techniques, Noda, Nishimura, and
Takeuchi’® measured radial scans of the [110] superlat-
tice in CusAu after quenching from just above 7.. As-
suming isotropic scattering profiles, they found evidence
for scaling of S(Q,7), a Lorentzian-squared line shape,
and curvature-driven growth.

In fact, it is well known ' that the superlattice profiles
in CusAu are not isotropic. Low-energy, half-diagonal
glide domain walls (type-1 walls)'* form very easily and
result in a characteristic disk-shaped profile. Higher-
energy type-2 walls, consisting of adjacent 100% Cu or
50% Cu layers, result in a nonzero thickness of the disk.
Measurements of the full anisotropic profile probes
domain growth associated with the motion of both types
of walls. The present results establish the validity of
scaling in an anisotropic system. The resolution is im-
proved by a factor of 2 over previous measurements, and
it is found that different physical regimes are marked by
changes in the observed line shape. Also, it is clearly
seen that scaling is valid only in the coarsening regime,
not during the ordering process.

The CusAu single crystal was cut to expose a [#00]
face which was prepared by polishing and etching with
nitric acid followed by annealing for 12 h at 700°C un-
der an Ar atmosphere. The order-disorder transition
temperature was found to be 7. =385.3°C.

In a typical time-resolved measurement the sample
was annealed at high temperatures for 5-12 h, and then
cooled to a temperature of ~405°C. The sample was
then quenched rapidly to a final temperature Ty. Typi-
cal quenching times of 1 min were required to achieve a
stable final temperature, controlled to *£0.5°C over
many days.

After quenching, the [100] superlattice peak was stud-
ied in detail. To within experimental resolution the
scattering was a circular disk with an (4,0,0) axis of
symmetry. Transverse scans through the disk along the
(0,k,0) direction were done with the use of a rotating-
anode point source of Cu-Kea radiation and a flat pyroli-
tic graphite [002] monochromator and analyzer. Radial
scans were done with a line source, monochromator, and
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FIG. 2. Integrated intensity vs time after quenching. The
data are normalized to the same monitor count of incident pho-
tons and corrected for detector dead time.

a linear position-sensitive detector. For each of these
configurations, the instrumental resolution was 0.003
A "1 HWHM in the direction scanned.

The integrated intensity versus time after quenching is
displayed in Fig. 2 for some representative temperatures.
The data shown were obtained from transverse scans.
The results for all temperatures show the same general
features. Immediately after some quenches there is a de-
lay during which no additional intensity is observed. For
shallow quenches the delay is appreciable and is clearly
visible in the 380.0°C data of Fig. 2. Following the de-
lay a rapid growth in the intensity is observed corre-
sponding to a linear rise with time. At late times the in-
tensity saturates at a value /(7). Plotting I/I vs t/1,
where 7 is the time for the intensity to reach I/2, re-
veals that the scaled data for different temperatures fall
on a universal curve.’

The delay at early times can be associated with an in-
cubation time for nucleation. This behavior has been ob-
served clearly in single grains of Mgs;In by Konishi and
Noda.!® The time depends on sample history and varies
among individual grains. The result in polycrystalline or
mosaic samples is a smearing of the curve.

The rapid rise in intensity followed by saturation is
consistent with observations in other systems, such as
graphite intercalates.!® The origin of this feature is il-
luminated by examination of the shape of the scattering
profile. Figure 3 shows a transverse scan through the
[100] peak at times 450 and 2600 sec after a quench to
365.8°C. The general features observed are the same at
all quench depths. The profiles obtained during the early
stages of the fast rise in intensity are well described by
Gaussian (GS) line shapes. At late times the line shape
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FIG. 3. Evolution of the line shape after a quench. The transverse scans are through the [100] superlattice peak with a* =1.666
A ™! The solid and dotted lines are the best least-squares fits with the model line shapes discussed in the text. The FWHM of the
instrumental resolution is equal to the width of the tic marks on the 7 axis. Inset: X2 of the fit vs time after the quench for the GS

(diamonds) and LSQ (circles) line shapes.

crosses over to a Lorentzian-squared (LSQ) form. A
simple Lorentzian line shape cannot describe the data at
any time. The GS line shape is associated with finite-
size broadening and is found in superlattice peaks arising
from isolated ordered clusters embedded in a disordered
matrix. It is therefore characteristic of the ordering pro-
cess. The LSQ shape, which is characteristic of the
coarsening process, results from a random distribution of
ordered domains that are separated by sharp walls.?®
Various theoretical predictions show>2! that for coarsen-
ing in three dimensions the tails of S(q,¢) should decay
as ¢ ~4, consistent with the LSQ. As shown by the inset
to Fig. 3, the scattering line shapes exhibit a crossover
from GS to LSQ behavior with time. The LSQ line
shape is clearly a signature of the late-time scaling re-
gime.

The width of the LSQ profile is a measure of L ~'(z).
The scattering profiles were fitted by a function of the
form A/{1+ 3 [(Q —G)/r1%32% The observed scattering
is a convolution of the intrinsic line shape with an
effective resolution function containing the instrumental
broadening as well as independently measured correc-
tions for mosaic spread and strain. Figure 4 shows plots
of logio(I") vs logjo(z) for two representative tempera-
tures. Data are presented for both the broad transverse
scan and narrow radial scans. The intrinsic widths are
much broader than the resolution limit except for the
very-late-time data in the radial scans. The solid lines
represent power-law fits [Eq. (1)] to the late-time data.
It is apparent that the scaling regime is approached more
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slowly for shallower quench depths.® The results for the
growth exponent a, summarized in Table I, are con-
sistent with curvature-driven growth (@ =% ) over most
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FIG. 4. Linewidth vs time after the quench. Solid lines are
typical power-law fits as discussed in the text. The data shown
have been linearly corrected for extra broadening arising from
the effective resolution.
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TABLE I. Fitted growth exponents (a) for the [100] super-
lattice peak.

T Transverse Radial
365.8°C 0.52 0.56
370.8°C 0.52 0.56
375.6°C 0.52 0.59
380.0°C 0.59 -
382.0°C SR 0.55

of the range studied. The resolution correction is the
principal source of uncertainty in the determination of a.
We estimate the accuracy of the exponents in Table I to
be (10-20)%. Within these limits, it is seen that the ra-
dial and transverse widths exhibit the same exponents.
This result is independent of temperature, and was
adumbrated by previous measurements on textured thin
films of CusAu.?? It is a strong confirmation of aniso-
tropic scaling,® and implies that the curvature-driven
growth mechanism applies to different types of walls. At
very late times the transverse-scan data show possible
hints of slower growth. This may arise from the pres-
ence of impurities or slightly incorrect stoichiometry in
the layer being probed, either of which could lead to a
log(¢) growth law.23-26

In summary, we conclude that the kinetics of the
order-disorder phase transition in CusAu displays re-
gimes of nucleation, ordering, and coarsening. The or-
dering and coarsening regimes may be distinguished ex-
perimentally by the line shape of the superlattice peaks.
S(q,?) is anisotropic, reflecting the structure of the un-
derlying domains. The late stage of coarsening is con-
sistent with a curvature-driven growth law for both types
of domain walls. A full, detailed account of this work
will be published elsewhere.
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