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The fine structure of the equilibrium diffuse x-ray scattering of aAL{110) crystal reveals
an unexpected temperature dependence of the fourfold peak splitting associated with Fermi surface
imaging. The separation of the split diffuse maxima increases with temperature corresponding to a
proliferation of correlated microdomains in a real space picture. As current alloy theories based on
the calculation of the configurational energy do not cover such a temperature dependent microstructure,
the results of this study outline the importance of the entropy contribution to the alloy free energy.
[S0031-9007(96)01652-3]

PACS numbers: 64.60.Cn, 61.66.Dk, 71.18.+y

Diffuse scattering from disordered solid solutions is oneat elevated temperatures and subsequently quenched into a
of the major tools for the study of fundamental propertiesmetastable state at low temperature. In such cases it has
of these materials. The mostimportant aspect of such me&#een important to demonstrate that the diffuse scattering
surements is the access to the local chemical order and dias not undergone appreciable changes upon quenching.
fective pair interaction parameters [1] as determined fronThe SRO diffuse scattering from a quenched sample should
the short range order (SRO) part of the diffuse scatteringherefore resemble the equilibrium structure at high tem-
Local pair displacement parameters arising from differ-peratures, with the obvious proviso that one must be careful
ent atomic sizes of the constituents can also be retrieveabout using an equilibrium thermodynamic description.
from the size effect (SE) part of the diffuse scattering [2]. For CuAu, one expects [4] a fourfold splitting of the

As has first been suggested by Krivoglaz [3] and MossSRO diffuse scattering that peaks aboutitie superstruc-

[4], and subsequently demonstrated for the Cu-Pd and Cuure positions of this system. Figure 1(a) depicts schemati-
Al alloy systems [5], the fine structure of the SRO diffusecally two symmetry-equivalent planes in reciprocal space
intensity reveals details about the electronic structurevhich consist of two interpenetrating fcc lattices having
as well. Fermi surface extremities are imaged in thethe superstructure positions at the face centered sites. The
splitting of diffuse spots at special points in reciprocalsplitting, associated with a characteristic wavelength of
space related to the relevant Kohn construction. FirsSRO fluctuations, occurs around the superstructure posi-
principles calculations of the electronic structure of binarytions in planes parallel to the fcc faces of each sublattice
alloys as a function of the average composition [6] haveand is quantified byn = v/2 g, (along{100} directions,
since confirmed this interpretation of diffuse scatteringthe peaks are separatedty,). Since we have measured
features. Recent progress in alloy theory, including longthe diffuse scattering at elevated temperatuf@s; T,
range interactions in large systems [7], now permits an the disordered phase where a large part of the scattering
gquantitative comparison between experiment and theory.is due to TDS, we have not attempted to decompose the

The binary alloy system Cu-Au has been of speciaktotal diffuse intensity into its various components. This
interest since it serves as a model for discontinuous orderequires special care in choosing the appropriate plane for
disorder transitions. G&u and CuAuy order in the the measurements of the diffuse scattering since antisym-
L1, structure at temperatures below the order-disordemetric contributions in the SE scattering distort the total
transition temperaturg&, of 663 and 473 K, respectively. diffuse scattering considerably. Therefore we have con-
Despite numerous investigations of their diffuse scatteringentrated on the (100) and (010) reflections, around which
with x rays [8] as well as with electron diffraction methods the splitting occurs in thél, k, 7) and(h, 1, ) plane. Here
[9], the fine structure has never been clearly resolved ahe individual terms for the SE scattering are either small
temperatures abov®. This is due mainly to experimental for a small momentum transfer or symmetrical with re-
difficulties and the inherently weak cross section of thespect to the (100) superstructure position.
diffuse scattering. These problems have been overcome The experiment has been carried out at the beam line
only recently with the advent of powerful x-ray sourcesX2A of the National Synchrotron Light Source (NSLS)
and new methods for the data treatment [10]. at the Brookhaven National Laboratory. All the measure-

Quantitative measurements of the SRO diffuse scattements have been performed at temperature in a UHV
ing are usually performed at low temperatures in order tc¢hamber. The temperature has been measured by a ther-
reduce the thermal diffuse (one-phonon) scattering (TDS)nocouple which was placed inside a hole on one side of
For this, the samples are annealed in the disordered statee single crystal. The mechanically polished and etched
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i 100 11 FIG. 2. Integrated intensity of the (100) and (201) superstruc-
101 ture reflections (marked by circles and triangles, respectively).
The two curves are offset by a constant factor. The inset shows
(b) (110) _ the time evolution of the ordered domain size as measured
: z 7 I by the FWHM Al of the (100) superstructure reflection along

the ! direction in reciprocal lattice units (r.l.u.). The crystal has
been guenched from the disordered stat&te= T, — 25 K.

; L set to 663 K. We have also measured the bulk ordering ki-

------------------ () | netics at the (100) superstructure reflection for a quench to
i i i Ty = 25 K, yielding a power law exponent af = 0.45 *+

i 0.04 for the late stage growtli(r) = ao/Al(r) ~ t* of

the ordered domains (see inset of Fig. 2). This compares

well with results obtained by Shannon, Harkless, and

Nagler [11].

The measurements in the disordered phase have been
performed with a moderate resolution setup of 0.003 re-
ciprocal lattice units (r.l.u.) in both horizontal and vertical
directions. Figure 1(b) displays schematically the three
different line scans done at the (100) and (010) positions.

(a) (1. k.0) and (1. k.1) plane showing the origin of the Fermi Angular dependent corrections have been employed for

surface-induced peaks that modulate the diffuse intensity ma>$—he Cor.rectlon for polarization effects and changes n the
ima. m = +2¢, and denotes the separation distance of theScattering volume. The raw data have been normalized to

split peaks. (b)1,k,!) plane of a CyAu(110) single crystal. the same intensity at the (100) position. We performed
The arrows indicate the lines along which the measurementseveral identical scans at each temperature and found no
have been performed. time dependence in the results. Equilibrium conditions
are therefore established almost immediately after chang-

crystal exposed a (110) surface. Figure 1(b) shows the géag the temperature. Measurements around the (100) and
ometry involved in this experiment. (010) positions provided identical results.

The bulk stoichiometry of the crystal has been de- Figure 3 shows the results of three scans through the
termined using two methods yielding,, = 0.251 from  (100) position all’ = T, + 3.7 K. As expected, a four-
an electron microprobe analysis amngl, = 0.243 from a  fold splitting occurs in th€1k/) plane. The symmetry of
Rutherford backscattering analysis. In order to test thehe split peaks around the (100) position confirms the ab-
quality of the crystal, we checked both equilibrium andsence of significant antisymmetric size effect contributions
nonequilibrium features of the order-disorder phase trangn this plane. The scan alor{.5 + 4,0.5 — h,0) inter-
formation. Figure 2 establishes the presence of a firstecting the(1kl) plane at an angle of 4%hows no split-
order phase transition in this crystal. The integrated in{ing. Using arguments about the dimensions of the Fermi
tensities of the (100) and (201) superstructure reflectionsurfaces of Cu and Au [4], the separation distance=
drop by more than 5 orders of magnitude within a tem-0.075 = 0.007 r.l.u. taken from Fig. 3 is quite consistent
perature range of 0.3 K, whereby the intensities in the diswith m = 0.055 r.l.u. obtained by Ohshima, Harada, and
ordered phase are estimated by the statistical fluctuatiortdoss for a Cuy, 4AuU756 alloy [12]. The total diffuse scat-
in the background. The temperatures have been recordeering is given byl = Isgo + Isg + Itps + Tus + Ics
relative to the phase transition temperature which has beesith Iygs and Ics denoting defect induced (Huang) and
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The positions of the split maxima can be found using the
vector2k  spanning flat portions of the Fermi surface. It
is evident that the influence of the Fermi surface is not
sufficient to explain this anomalous temperature behavior
of the diffuse scattering. Because of electron-phonon
scattering, the Fermi surface will be smeared out upon
increasing the temperature, Bk should retain its value
within the small range of temperatures of our investigation.
The change in the peak splitting is reversible with cooling.
Figure 5 summarizes the temperature dependence of the
peak splitting along th€10!) direction, where it is shown
to increase monotonically. The accessible range of tem-
peratures is limited by the continuously decreasing peak-
to-background ratio as the TDS is increasing and the SRO

FIG. 3. Total diffuse scattering along different lines throughis decreasing with temperature. The data for the separa-

the (100) superstructure position & =

To + 3.7K. The

separation distance for the split peaks 1g, = 0.106 =

0.01 r.L.u.

incoherent (Compton) scattering. Singgo is the Fourier

transform of the pair correlation fun

ctian(r), it is appar-

tion distanceAl = 2q, along(10/) have been fitted ac-
cording to a power-lavA! ~ (T — Ty)*. Using the phase
transition temperaturd, as the onset temperature, we
found an exponent of = 0.38 = 0.15 [13]. Split dif-
fuse peaks alon{l 00} directions correspond, according to
Hashimoto [14] and Krivoglaz [15], to an inhomogeneous

ent that, for the reproduction of the distinct scattering feadisordered state composed of a correlated arrangement of
tures in Fig. 3, correlations up to high order coordinationmicrodomains with a preferred separatiafy g, between

shells are essential.

In Fig. 4 the total diffuse scattering along th&07)
direction is shown for two different temperatures. Thedence of the average distante= ay/q, between domains
separatior2g; of the split peaks is clearly expanded on of the same phase in the heterogeneous state dhpige
heating. There is, nevertheless, some arbitrariness in thehown in the inset of Fig. 5.
determination of the value for the characteristic wave- There have been some attempts to calculate the SRO
lengths of the SRO fluctuations. In the present study weliffuse scattering and the correlation function for alloys
used the fit curve composed of two Gaussians, rather thaat finite temperatures. Gyorffgt al. [16] calculated the
the two individual Gaussians, in order to determine thecorrelation function of CiPd for several temperatures

positions of the split peaks.

domains of the same phase that is dictated2ky [i.e.,
G110 + q» = 2kp in Fig. 1(a)]. The temperature depen-

Since TDS, HS, and CSn the disordered phase which showed no temperature

exhibit a very smoothy dependence in the vicinity of dependent splitting. Having obtained the energetics of

the (100) superstructure position, the change i,

0.046 r.l.u. in the separation distance along the 1{é!)
must be attributed to the SRO part of the diffuse intensitytemperature [17], Monte Carlo simulation techniques can

Aq,. = 0.023
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FIG. 4. Total diffuse intensity along

To + 2.6 K (circles) andT = T, + 52.3 K (triangles).

lines are fits with two Gaussians.
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be employed in order to study the configurational entropyntensity corresponds to an equilibrium state at the anneal-
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