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Streaked speckle in CyAu coherent x-ray diffraction
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Coherent x-ray diffraction from the binary alloy gAu has speckled superstructure Bragg reflections due to
its antiphase domain structure. For nonspecular superstructure reflections, it is possible to vary the diffraction
geometry through a range of incidence and exit angles. Under grazing-exit conditions on a prepared
CuAu(111) thin-film sample, the superstructure speckles are found to become highly elongated and rotated on
the detector. A detailed geometrical explanation of this behavior is developed to explain the effect.

Coherent x-ray diffractiofCXD) has the marvelous vir- mation can be used to extract three-dimensional details about
tue that the diffraction pattern is the exact Fourier transfornthe shape of the diffraction and hence about the distribution
of the object under investigation without the ensemble averef the scattering objects.
aging associated with conventional x-ray scattering. The The sample we examined was a slab of;8w crystal
connection with microstructure was originally discovered ingrown using the molecular beam epitaftyBE) method to
CwAu by Suttonet all and further explored in polymer produce a well-defined free surface, along its crystallo-
films coated with gold,in semiconductor multilayersand  graphic(111) plane. Large antiphase domains are known to
for probing the morphology of silicon waférand the porous form in this material when it is suitably annealed. The an-
structure of aerogél.The sensitivity to local structure has tiphase domains correspond to the occupation by Au atoms
also been utilized in several recent intensity fluctuation exof one of four simple-cubic(sg sublattices of the face-
periments: critical fluctuations of the binary alloy JA&®  centered cubidfcc) underlying crystal lattice, while Cu at-
diffusion of colloidal particles of gold,palladium® and an-  oms occupy the remaining three sublattices. This gives rise
timony oxide? equilibrium dynamics of block-copolymer to superlattice reflections in the diffraction pattern. Abrupt
micelles® and nonequilibrium dynamics of phase separationdomain boundaries occur between domains in which the Au
in a sodium borosilicate glassHere we are interested in the switches from one sublattice to another; the phase of the
original application of CXD, which utilizes its inherent sen- structure factor of the superlatticé.e., sc but not fcc
sitivity to the structure and morphology of complex hetero-reciprocal-lattice points reverses upon crossing certain do-

geneous materials to preserve information about localizeghain boundaried? In conventional(incoherent diffraction,
structures. It has been suggested by Syhat the continu-  these “antiphase” domains lead to broadening of these dif-
ous property of this diffraction, coupled with iterative image fraction spots# in CXD this leads to a “speckled” patterh.
reconstruction techniques, may be used as a form of x-ray The arrangement of antiphase domain shapes and sizes in
microscopy. This has been recently demonstrated for sothulk Cu;Au is known from examination of thin sections us-
X rays in a model system by Miaet all3 ing dark-field electron microscopy.A quadrangular appear-
The complete diffraction pattern of a small crystalline ob-ance is found because of the tendency of domain walls to
ject, as can be measured by the CXD experiment, is thedopt{100 orientations. It is believed that the same arrange-
combination of multiple factors, only one of which is the ment exists right up to the surface layer of a finite crystal,
structure factor of the arrangement of the atoms within itssince the bulk andlatera) surface correlation lengths show
unit cell. The distribution of the diffraction pattern in recip- the same equilibrium scaling behavior with temperature in
rocal space is necessarily related to the shape of the object the vicinity of the disordering temperatutThis happens in
real space, through Fourier transformation. Complex materispite of the strong tendency of Au to segregate to(t@)
als can be considered to be a coherent superposition of singurface used in those studies and the fact that this favors two
pler objects, whose structures can be broken down hierarch@f the four possible sublattices there. At(all) surface,
cally. The diffraction pattern contains the information aboutwhere the segregation cannot bias the sublattice distribution,
each distinct object as well as the interference between thertgss is known about the distribution of antiphase domains;
Today’s third-generation high-brightness synchrotron x-raythe surface-sensitive diffraction experiments resulted in a
sources are sufficiently coherent to investigate microstructwo-component line shape that was interpreted to be caused
ture in this way. Here we explore the detailed nature of thdy heterophase fluctuation§For the (111 case, the situa-
diffraction pattern of a simple, yet nontrivial, material that is tion is more complicated because the preferred domain-wall
a thin film of disordered binary metallic alloy. To enrich the orientation is no longer perpendicular to the surface.
available information, we investigate for the possibility of The CuAu sample we studied had a (1QRoriented sap-
varying the x-ray geometrical degrees of freedom to obtairphire substrate that was annealed at 1050 °C for 2 h, before
different cross-sectional views of the immediate vicinity of adepositing by MBE a 500—1000-A-thick Nb buffer layer at
single point of reciprocal space. As we will show, this infor- 900 °C and 0.2 A/s. The Nb had @10 orientation. The
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of the CCD area detector to provide simultaneous detection
of multiple points on the Ewald sphere. The resulting image
on the detector is a spherical cut, intersecting the point of
interest in reciprocal space illustrated in Fig. 1. For x rays of
a given energy, the direction of this cut is determined by a
single degree of freedom, which is the rotation of the sample
about the fixed momentum transfer vector. For a large slab-
shaped sample in reflectiofiBragg” geometry), such as
ours, that range of rotation is limited by the geometrical con-
straint that neither the incident nor exit beam may be oc-
cluded by the surface. The choice of diffraction geometry is
described in Fig. 1, which shows three cases, the symmetric,
grazing-incidence and grazing-exit extremes. Within the al-
lowed range, the geometry variation can be used for three-
O ‘ dimensional mapping of the coherent diffraction pattern,
o et suggested by the shading in Fig. 1. This mapping is exploited
Grazmg mcidence fully in the work reported here. We investigated tti0)

FIG. 1. lllustration of the diffraction geometry of the Ewald ref.IeC.t|0n of a(111) sample at 8.5 keV, for which j[he angle
construction under grazing incidence, symmetric, and grazing exi?f incidence ont_o the sample Surf_aee,, can be varied from
geometriesOQ denotes the vectog=k;—k;, which lies in the 0° t0 13.1°. This causes the exit anglg, to range from
plane of the page, as does the surface-normal direction which i$3.1° down to 0°. We also measured ti€1) reflection, for
denotedi. The beams representikg andk; are directed towards which the range in angles is from 0° to 26.1°. The absorption
the page and are drawn as shaded and unshaded triangles to imjiyngth of 8.5-keV x rays in Gi\u is 7.5 um, so the illumi-
perspective. The images seen in the detector are the section of theted thickness of the sample only starts to become limited
Ewald sphere drawn as arcs passing throQglone for each case. by penetration whem; or a¢ reaches 1°.

Figure 2 shows examples of the CCD diffraction patterns,
temperature was reduced to 330 °C before Cu and Au wera which a dramatic change can be seen as the diffraction
codeposited to form a 2000-A-thick film dfi11)-oriented geometry is systematically varied. The pronounced streaking
CusAu. To anneal out any composition gradients, the tem4in the top panel, measured under grazing-exit angle condi-
perature was raised to 450 °C for 15 min; then, the sampl&ons, is noteworthy. The slight shift and splitting of the in-
was annealed at 360 °C for 12 h and at 300 °C for 48 h. Thisensity distribution in that pattern can be understood to be
annealing schedule resulted in antiphase domains with due to critical-angle effect€, but are not important here.
characteristic size of 400 A, as determined by the width ofThere are several characteristic lengths visible in the data of
the superstructure peaks in an incoherent diffraction mea-ig. 2. The envelope of the entire diffraction pattern has a
surement. Twin domains, usually associated with differensize that is the reciprocal of the antiphase domain size; this
fcc stacking sequences of the 8w on the Ni§110) buffer ~ was verified by opening the entrance slits to measure the
layer® were found to be in the 10—1Q@m size range, so it conventional (incoherent diffraction pattern from our
was possible to perform the experiment within a single twin.sample and provided the characteristic size of 400 A men-

The measurements were performed at the Advanced Phtiened above® Thewidth of the speckles appears to be con-
ton SourceAPS) undulator beamline 33-ID. The beam was stant and is given by the reciprocal of the beam dimension,
passed through a double-crystal(19il) monochromator, while thelengthof the speckles varies with incidence angle
which provided a bandwidth oAA/A~2x10 4, giving a and seems to diverge in the grazing-exit situation: as grazing
longitudinal (tempora) coherence length of,~7300A at exit conditions are approached, this leads to a pronounced
the selected photon ener@y=38.5keV. The undulator beam elongation of the speckle features. Tdieection of streaking
has a source size of 358m (Gaussianr width) in the hori-  on the detector also rotates with incidence angle, as seen.
zontal and 5Qum in the vertical direction&’ so that, at the The data are for théL00) reflection, while analogous behav-
experiment, a distand® =40 m downstream, the spatial co- ior was seen for thé101) reflection.
herence lengths ar€,i,~5um and &,~33um. The To understand this complicated behavior it is necessary to
beam was therefore passed through ansx 5 um square consider the mapping from the three-dimensiori@D)
aperture to select a suitably coherent beam. This apertur€ciprocal-space region surrounding the Bragg point at which
was formed by a crossed pair of slits with a rollerblade de+the diffraction pattern is formed onto the 2D section seen by
sign, which allowed us to set the gap and the position of eacthe detector. This is accomplished by the Ewald sphere con-
slit with about 1um precision with good reproducabilify. ~ struction, illustrated in Fig. 1, in which thg (incideny and
The slits were located 10 cm from the sample position. Thek; (exit) wave vectors form two radii that define the Ewald
sample and detector were oriented on a standard four-circlephere. The detector measures the small range of exit wave
Huber diffractometer with a vertical scattering plane. Wevectors that lie within a small patch on the sphere ardund
acquired diffraction patterns with a Princeton InstrumentsThis patch is well-approximated by a tangent plane with its
charge coupled devid€€CD) detector with pixels measuring normal pointing alond; . As illustrated, the variation of;

22.5 um square, located 2.8 m from the sample. anda; corresponds to a rotation about the fixed momentum-

Coherent diffraction experiments were carried out in thetransfer vectorg=Kk;—k;, denotedOQ in Fig. 1, between
extended-face reflection geometfyand we took advantage the grazing-incidence and grazing-exit limits shown. The
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= FIG. 3. Two examples of intensity autocorrelation functions for
S measured CXD patterns are shown as solid contour lines. The upper
J panel hasa;=2° and the lower oney;=12°, both for the(100
reflection. The plot shows the clear contributions of the broad back-
ground peak and the sharp peak near the origin, which is taken to be
| representative of the speckle characteristics of this image. Fits to
o the sum of two elliptical Gaussian functions are shown with dashed

contours lines.

whereN is the size of the CCD array. The result was a sharp
peak on top of a broad one, centered at the origin. The broad
peak had the size and shape of the overall envelope of the
speckle pattern, believed to be due to the contributions of the
0 250 500 750 incoherent background and the speckle-to-speckle correla-
_ tions. The single sharp peak, centered at the origin, had the
FIG. 2. (Color) CCD images of three CXD patterns, each mea-gi;a and shape of a “typical” speckle, because it mainly
sured at thel100) CusAu superstructure reflection. The axes are roq 1ts from the internal correlations within each speckle.
;?ct))riledﬂ:ne un;tzn?;lgxelz, W?g‘salf 2?)52' Wl?ezié?wcatec%\?el?inrg Figure 3 shows contours of two examples of autocorrelation
6.17 mrack4.11 mrad. is shown fofa) @ —12° or o _ 1 ) o functions, computed from an image of tE00) peak atq;
. . ’ i f ’ i o o o o H
=10°, a;=3°, and(c) &, =7°, a;=6°. =2 (qull ) anda;=12 (.aflzl ). The_autocorrglatlons
f i f
were fit to a sum of two elliptical Gaussian functions, each
) ) ) one free to rotate about the origin, as shown in Fig. 3. From
tangent plane thus slices through the 3D diffraction pattern ahe fits to elliptical Gaussians, we obtained the characteristic
different angles. The grazing exit conditiean=0 is signifi-  grientation with respect to the horizontal as well as the
cant because it is the condition under which the tangeet major- and minor-axisr widths for each CXD pattern. The
tectoy plane lies nearly parallel to the surface normal direc-agits are shown in Fig. 4 with open symbols for (480
tion. Our observation of elongated speckles under just thigefiection and with filled symbols for th@01) reflection.
situation suggests that the elongation direction is just the |n order to model what is seen in the experiment, we first
direction of the surface normal, as will be confirmed by ourconsider the intensity autocorrelation function to be an infi-
calculation below. nite cylindrical rod, of Gaussian cross section, centered at the
For a quantitative evaluation of the size and orientation Oforigin with its axis oriented along the surface nornfiain
the speckles in each CCD image, we calculated the spatigbciprocal space. This represents the instrument response
autocorrelation functionA(x",y’), of the intensityl(X,y)  alone to an ideal two-dimensional object with finite illumi-

measured at thediscrete pixel location ,y), nation in real space, without any details of the sample. We
use the Ewald construction to model its detection by the
N CCD, since this will be the same for both the intensity and its
ALY )= S 16 (XX, y+Y'), (1) autocorr_ela'uon func_tlo_n. We will tak_pto be in the d_|r_ect|on
Xy=0 perpendicular td; within the scattering planeontainingk;
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FIG. 5. Schematic description of the £w film in real space
. (top) and reciprocal spac@ottom) based on our conclusions.
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ian, with o, /k=8.5x10"° chosen after some optimization
of the comparison with data. This number corresponds also
to the knownAX/\ of the beamline usetf The resulting
series of model autocorrelation functions was then fitted to
s ‘ . . . . elliptical Gaussian functions in the same way as for the mea-
7 5 10 15 20 25 sured images. _ , _
Exit angle, o, [deg] The orientation and elongation of the simulated images
agree well with those observed in the experiment, as seen in
FIG. 4. Parameters describing the fits to the autocorrelatior-ig. 4. The elongation of the speckles@sapproaches zero
functions in Fig. 3, plotted as a function of the diffraction geometry.is clearly seen as the width of the major axis of the ellip-
The orientation with respect to the horizonfahxis as well as the tical Gaussians exceeds that of the minor axis by a factor of
major- and minor-axigr widths of the(100) reflection are shown as  more than 10 whem;=1°. The fit to the observed orienta-
open symbols. Those of the01) reflection are shown as filled tjon of the speckles becomes less reliable under conditions
symbols. The results of the model calculations are shown withfgr from grazing exit because there is more experimental
dashed lines for th¢100) reflection and with solid lines for the gror when the speckles become round. Part of the systematic
(103 case. For the major axis, two dashed curves are shown: thgayiation of the orientation angles from the model may be
lower one (shorter dashesis derived from the upper one by the e 1o thek distribution differing from Gaussian. More sig-
correction for the thickness of the film. nificantly, the observed major-axislengths fall below those
o N of the model(upper dashed curyavhich diverge under the
and ky); this direction maps upwardpositive ) on the  most grazing-exit conditions. This implies that, beyond the
detector and in Fig. 2. We will takie such thaty<X points  pyrely geometric considerations up to this point, there are
along k. With this definition, the directiok maps to the  contributions from the structure of the antiphase domains of
right on the detector and Fig. 2. Note that varyiagalso  the sample. The calculated distribution was therefore multi-
varies the orientation df;, which in turn changes the map- plied by yet another Gaussian to represent the distribution of
ping of the detector pixels onto reciprocal space by reorientscatterers in real space along the surface normal direction.
ing X andy. For a givenk=[k;|=|k¢ anda;, the value of By reciprocal-quadratic addition of the calculatedength
the autocorrelation was evaluated for each poiry) on the  with a constant value ofr,=(0.8+0.2)x10 3A "1 the
tangent plane of the Ewald sphere. This functionjower dashed curve is obtained in Fig. 4, which coincides
f(x,y,k,ar) describes the autocorrelation of the intensitymuch better with the data. From this we conclude that the
distribution seen on the detector. intensity autocorrelation function is finite rather than infinite
We computed images of this rod for a set of angles in extent. In real spac®, this corresponds to a length bf
usingMATHEMATICA .23 After some optimization with respect =2900+700 A perpendicular to the surface, which is ap-
to the minor-axis dimension, the Gaussian width of the  proximately equal to the known sample thickness. These de-
simulated rod was set i@,=2.5x 10 ° A . Since this size tails allow us to construct the sketch in Fig. 5, which shows
is comparable with the spread of wave vectors present in thihe relevant length scales in both real and reciprocal spaces.
beam, we then further convolved each imdgeth a distri- Our conclusion is therefore that the diffraction pattern of
bution ofk to model the effects of the monochromator. Thethe antiphase domain structure consists of an assembly of
form of thek distribution was also approximated by a Gauss-long rods aligned along the surface normal, as supported by
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the quantitative analysis given above. The fact that the modehree-dimensional extension of the 2D CXD pattern seen in
correctly reproduces the observed incidence-angle depetihe detector. A natural future extension of our method would
dence of all aspects of the streaking allows us to identify thé&ve to sweep the energy, to allow the entire 3D diffraction
appropriate length scales labeled in Fig. 5. The typical sizepattern surrounding a superstructure reflection to be mea-
w=400A, of the antiphase domains, drawn schematically agured. It is hoped that, with the aid of iterative image-

blocks, determines the width of the envelope of the diffracreconstruction techniques, the real-space structure of the en-

tion pattern, o,,=5.9<10 A ~1.1® The physical dimen-

tire illuminated region within the sample could be

sions of the beam and the sample then determine the size pfconstructed, as our test calculations sug§est.
the speckles, as measured by their intensity autocorrelation

function. These arer,=0.8x10 2A "1, as determined by
the correction required to the major-axis length, amgl
=2.5x10"° A~ for the rod used in the simulation. The first
number corresponds to a sample thicknesshef2900 A
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