
ce

PHYSICAL REVIEW E 69, 031405 ~2004!
Destruction of long-range order recorded with in situ small-angle x-ray diffraction
in drying colloidal crystals
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High-resolution synchrotron small-angle x-ray diffraction is applied to characterize the structure and long-
range order in a sedimentary hard-sphere colloidal crystal before and during its drying. The principles of the
technique and the influence of the coherence properties of the x-ray beam are discussed in detail. The capillary
forces generated during the drying process are shown to destroy the long-range order and to break the crystal
into smaller crystallites with slightly different orientations. The diffraction is shown to switch from the dy-
namic regime in the long-range-ordered crystal to nearly kinematic diffraction in the mosaic~short-range-
ordered! crystal.
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I. INTRODUCTION

Suspensions of hard-sphere colloids display a fluid-s
transition at volume fractions above 50%, which is driven
the excluded-volume entropy favoring macroscopically
dered close-packed crystal structures@1,2#. This phenomenon
serves as a simple model of crystallization in atomic a
molecular systems@1–12#. Recently, self-assembled collo
dal crystals have also attracted significant attention as t
plates for inexpensive large-scale fabrication of photo
band gap materials@13–17#. The order parameters in a co
loidal crystal are of great interest from a fundamental po
of view and crucial for potential applications. In a so-call
perfectthree-dimensional crystal the long-range order is
destroyed by thermal fluctuations of the atomic positions
their positional correlations extend over the whole crys
size@18#. However, most crystals are imperfect since vario
extended defects or crystal deformations caused by exte
or internal ~defect-induced! stress fields can easily destro
the positional correlations on large distances.

Diffraction techniques can directly address the crystall
structure and long-range order. Well-collimated synchrot
x-ray beams allow one to obtain clear diffraction patte
from colloidal crystals within a wide range of reciproc
space@19–24#. Moreover, we have recently demonstrat
@23# that the extreme flatness of the Ewald sphere at sm
diffraction angles allow one to achieve resolution in recip
cal space in thelongitudinal direction beyond 1026 of the
x-ray wave vector in a single-crystal diffraction scheme w
partially coherent synchrotron radiation. By performin
small tilts of the single colloidal crystal around one of t
low-index orientations, one can then probe the intrin
width of the reciprocal lattice reflections, which is dete
mined by the extent of the long-range positional orderL on
1063-651X/2004/69~3!/031405~10!/$22.50 69 0314
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distances over thousand lattice periods. Furthermore,
have found@24# that in a long-range-ordered colloidal cryst
diffraction can switch from the kinematic to the dynam
regime. In random-stacking crystals dynamic diffracti
manifests itself in an unusual way as the appearance of
ondary Bragg rods@24#.

This paper focuses on several different, but closely rela
issues. One of them deals with a further development of
high-resolution small-angle x-ray diffraction technique. W
present a thorough analysis of effects of the finite beam
herence on the reciprocal-space resolution of the setup
particular, we consider limitations of the longitudinal resol
tion originating from the angular spread of plane-wave co
ponents~Sec. III!, which was left out earlier@23#. Further-
more, we report on achievement of the setup resolution in
transversedirection that is by nearly one order of magnitud
higher than that in Refs.@19–24#. This improvement is
complementary to the extremely high resolution in the lo
gitudinal direction. The technique is applied for a detail
analysis of the structure and order parameters in a wet s
mentary colloidal crystal~Sec. IV!. We demonstrate how on
can address the width of the diffraction peaks on three
ferent levels of sensitivity from a single diffraction patte
measured with a fixed crystal orientation.

To further illustrate the strength of the high-resolutio
small-angle x-ray diffraction technique, we apply it to reco
in situ the destruction of the long-range order during dryi
~i.e., solvent evaporation from the colloidal crystal!. Such
drying can be needed if a colloidal crystal is used as a te
plate for a photonic band gap material@13–15,20#. The cap-
illary forces are very strong on the colloidal scale and c
play a significant role. For example, their impact was ear
studied in connection with formation of a paint film on su
faces@25#. Capillary forces are also used@16,17,26# to as-
©2004 The American Physical Society05-1
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semble colloidal particles on a flat substrate. However,
effect of solvent evaporation on the three-dimensional cry
structure was not addressed in the past. For a drying collo
system x rays are particularly advantageous since op
techniques are not suited due to a great enhancement o
sample turbidity. As will be demonstrated, the long-ran
order is destroyed during drying. These results~Sec. V! form
another important message of this paper.

Finally, the third message of the paper is related to
dynamic character of x-ray diffraction in colloidal crysta
~Sec. VI!. A direct comparison of the intensity of diffracte
beams with that of the~remaining! direct beam is performed
It unambiguously supports the interpretation of the seco
ary Bragg rods in Ref.@24# as multiple x-ray scattering
Moreover, the strength of the diffraction is shown to dras
cally reduce after destruction of the long-range order, wh
can now be seen as a sum of nearly kinematic diffract
patterns from small crystallites in the mosaic.

II. EXPERIMENTAL SECTION

Spherical silica colloids@27# were synthesized and coate
with 1-octadecanol to provide sterical stabilization. Their
ameter of 224 nm was derived from small-angle x-ray sc
tering in a dilute suspension~the form factor!. This value
was found to agree with results of static and dynamic li
scattering~230 nm! and sedimentation~218 nm! experiments
@28#. A size polydispersity of 4.1% was determined by tran
mission electron microscopy. The particle density was es
lished at 1.69 g/ml@28#, which is lower than that of bulk
silica due to porosity. Cyclohexane has a specific weigh
0.77 g/ml and is very volatile. The colloidal particles act
hard spheres in this solvent@29#. Nonadsorbing polydimeth
ylsiloxane polymer ~molecular weight 91.7 kg/mol
Mw /Mn51.9, radius of gyrationRg514 nm) was added to
the suspension to accelerate crystallization of large collo
crystals@23#.

Samples were prepared in long~100 mm! flat glass capil-
laries with internal cross section of 0.234 mm2, which were
filled with a dilute suspension~where 5% and 10%–15% o
the volume are filled by colloid and penetrable polym
coils, respectively!. Capillaries were stored upright befor
and during the experiment. The colloidal particles sedim
within about a week. Colloidal crystals nucleated after
sedimentation was complete at the top of the sediment
grew downwards as was observed by Bragg reflections
visible light. After a few weeks the crystallization stoppe
and the bottom part of the sediment remained amorph
The height of the crystalline part of the sediment was ab
5 mm.

A small-angle x-ray diffraction study~SAXS! was per-
formed at the SAXS/WAXS station of the BM-26B Dutch
Belgian beam line~DUBBLE! at the European Synchrotro
Radiation Facility~ESRF! in Grenoble@30#. The horizontal
and vertical primary slits situated at a distancezH1528 m
from the bending magnet radiation source determine the
gular divergence of the synchrotron radiation beam.
widths down to 1003100 mm2 were used. Monochromati
15 keV x-rays ~wavelength l50.83 Å, spectral width
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Dl/l5231024) were selected by a sagittally focusing~i.e.,
in the horizontal plane of the electron orbit! double-crystal
Si~111! monochromator, located atzmono533 m. It was fol-
lowed by a bent silicon mirror atzmir535.5 m downstream
from the source, which focused the beam in the verti
plane and discriminated against harmonics coming from
monochromator. The harmonic suppression coefficient w
about 1023. The parasitic small-angle scattering originatin
from the x-ray optical elements was blocked by two sets
slits installed atzH5542 m andzH6548 m.

The sample was mounted atzsamp549 m on computer-
controlled rotation and translation stages allowing us to s
through the sediment and to carefully orient the colloid
single crystals. The diffraction was recorded at a distance
8 m from the sample (zdet557 m) by an x-ray sensitive CCD
~charge-coupled device! camera ~X-Quis, Photonics Sci-
ence!. The diffraction image was digitized into 102431024
pixels with the pixel size corresponding to 52mm physical
separation on the phosphor screen of the camera. The e
field of view was about 7.5 cm along the diagonal. The re
out offset was about 32 counts per pixel with a typical no
of two to three counts. The maximum measurable inten
corresponded to 4096 counts per pixel~12 bit!. Moreover,
significant efforts were spent on a careful alignment of
optical elements of the setup. The direct beam was focu
on the screen of the CCD camera. As is shown in Sec. IV
significant improvement of the transverse resolution has b
achieved, which is close to the theoretical limit for the op
cal scheme of BM26B. This achievement was crucial for
results presented in Sec. V. The sample drying was also
sually observed using a video camera installed in the exp
mental hutch.

III. TRANSVERSE AND LONGITUDINAL COHERENCE

Diffraction appears as a result of coherent summation
waves scattered by different colloidal spheres. It can rev
the positional correlation of the particles only if the wav
scattered by them are able to interfere. This implies cer
requirements for the beam coherence, which are consid
in this section for the small-angle diffraction geometry. C
herent properties of an x-ray beam are different in the tra
verse and longitudinal directions. Correspondingly, o
should distinguish the resolution of a small-angle diffracti
setup in two different directions, which are denoted as
transverse and longitudinal resolution in the following. T
former determines the ultimate limit of the apparent size
each reflection in the detector plane. The latter can be
ploited in single-crystal diffraction@23#.

The incident wave inside the sample is a result of inc
herent summation of waves independently emitted by v
ous points of the spatially extended x-ray source of a sizeds .
For a freely propagating wave the phase front possesses
dom corrugation, which becomes comparable to the x-
wavelengthl on distances of the order of the transver
coherence length

l tr5lz/ds , ~1!
5-2
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DESTRUCTION OF LONG-RANGE ORDER RECORDED . . . PHYSICAL REVIEW E69, 031405 ~2004!
which increases with the distancez traveled by the beam
from the source. With the source size of aboutds5100 mm
~root mean square! at the ESRF and at the wavelengthl used
in the present experiment, the coherence length isl tr, mono
527 mm at the position of the monochromator andl tr, mir
530 mm at the mirror. After a focusing element the bea
converges and, correspondingly, the transverse coher
length l tr shrinks as illustrated in Fig. 1. Assuming ideal o
tical elements, at the sample positionl tr can be estimated a
l tr,h5 l tr, mono(zdet2zsamp)/(zdet2zmono)59 mm and l tr,v
5 l tr, mir(zdet2zsamp)/(zdet2zmir)511 mm in the horizontal
and the vertical directions, respectively.

Results presented in the following section show that in
horizontal direction a transverse coherence lengthl tr
.6 mm was indeed reached in our experiment, sugges
practically ideal performance of the beam line optics. Coll
dal spheres separated in the transverse direction by a dis
larger thanl tr are irradiated by mutually incoherent wav
and their scattering fields do not interfere. As a result,
transverse coherence was sufficient to resolve the diffrac
peaks (l tr is larger than the structure period!, but is far too
small to probe the long-range order in the transverse di
tion.

As was suggested in our previous paper@23#, a much
higher longitudinal resolution can be achieved since con
tions for coherent interference in the longitudinal directi
can be fulfilled on much larger distances. By tilting th
single crystal to a small anglez and, for example, observin
the variation of the total intensityI (hkl)(z) of a particular
(hkl) reflection, one can then exploit the coherent interf
ence between waves scattered at the front and rear side o
sample@23# to resolve the intrinsic width of the reciproca
lattice reflections. The limiting factors here are related to
finite spectral widthDl of the radiation@23# and the finite
angular spread of the plane-wave components. The firs
fect is illustrated by the Ewald sphere construction in rec
rocal space shown in Fig. 2~a!. A spread in the wavelength
l in the incoming beam leads to a series of Ewald sphe
with slightly different curvatures, which all must pas
through the originO of the reciprocal space of the sampl
The finite bandpassDl can thus reduce the resolution of th

FIG. 1. ~Color online! Sketch of beam focusing within the op
tical setup. H1 denotes the entrance slits. Indicated distances c
spond to the position of the second crystal of the monochroma
which performs focusing in the horizontal direction. The shad
areas schematically denote one of the cones, where the radiat
spatially coherent. A diffracted beam is shown in a different col
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scheme for measurements of the rocking curveI (hkl)(z).
From the construction in Fig. 2~a! one can find that at smal
angles the resolution in the reciprocal space is limited by

dq15
2pDl

l2
2u2 ~2!

in agreement with the result of an earlier consideration
real space@23#. For instance, for the~110! reflections,
2u (110)5731024 rad in our case so that dq1
;0.004 mm21.

Reduction of the longitudinal resolution, which is relate
to the angular spreade of the plane-wave components in th
x-ray beam inside the sample, is illustrated in Fig. 2~b!. The
corresponding spread of the Ewald spheres foru!1 ande
!1 limits the resolution to

dq25
2p

l
2ue. ~3!

We note thatdq2 also reduces towards small scatteri
angles, although only linearly withu. One could distinguish
two contributions to thetotal value of e. One of them is
related to the fact that the x-ray beam hitting the sample
the form of a cone converging towards the detector. T
opening angle of this coneecone is determined by the accep
tance angle of the primary slits divided by the magnificati
factor of the focusing system. For 100mm wide slits one can
evaluateecone5531026 and 631026 in the horizontal and
the vertical directions, respectively. The other contributi
arises from the finite transverse coherence of the x-ray be
which is discussed above. As a result, at a given point in
beam there is a finite angular spreade tr5l/ l tr of the mutu-
ally incoherent plane waves. Assuming uncorrelated con
butions ofecone and e tr , one can estimate the total angul
spread e of the plane-wave components asAe tr

21econe
2 ,

which amounts to 1.0531025 and 0.9531025 rad in the
horizontal and the vertical plane, respectively.

Using the estimates given above and Eq.~3!, one gets for
the~110! reflectionsdq250.28 mm21 and 0.25 mm21 in the

re-
r,

d
is

.

FIG. 2. Ewald sphere construction for a parallel beam with
finite spectral widthDl ~a! and for a monochromatic beam with
finite angular spreade of plane-wave components in the incide
beam~b!. The angles are greatly exaggerated for clarity. The sm
circles denote the origin of the reciprocal space of the sampleO and
an (hkl) reciprocal lattice reflection. 2u is the diffraction angle,z is
the sample tilt angle.
5-3
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FIG. 3. Diffraction patterns measured with the x-ray beam incident along the@001# direction. The exposure time of the CCD camera
DT50.1 s ~a!, DT51 s ~b!, and DT560 s ~c!. Throughout this paper the intensities are displayed in as-read detector counts w
subtracting the background (;32 counts).
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horizontal and vertical directions, respectively. One can
that dq2@dq1, i.e., dq2 is a much more important limiting
factor thandq1, considered earlier@23#. Yet, the main con-
clusion of Ref.@23# is not affected. For partially coheren
synchrotron radiation the very flat nature of the Ewald sph
leads, in principle, to a longitudinal resolutiondq/k0 better
than 1028 for a low-order reflection. This would allow one t
probe positional correlations in the particle positions on d
tances up to 2p/(dq2).1 cm along the beam propagatio
direction. However, as further discussed in Sec. VI, ther
another limitation of the technique related to the switch
the diffraction into the dynamic regime on distances of
order of 100–200mm, which further limits the effective lon-
gitudinal resolution in the present case to aboutdq/k0
;1026.

IV. STRUCTURE AND LONG-RANGE ORDER
OF THE WET CRYSTAL

Figure 3 displays diffraction patterns measured in a cr
tal with its hexagonal planes~nearly! parallel to the capillary
walls. The hexagonal planes of the crystal were carefu
aligned normal to the incident x-ray beam. The images
obtained at different exposure timesDT. In panel ~a! DT
50.1 s and only the brightest reflections are visible. Up
increase ofDT in panels~b! and ~c! the weaker reflections
become detectable while the brightest reflections gre
oversaturate the CCD camera. In~c! the too high exposure
also leads to the appearance of vertical stripes in the im
presumably caused by a charge spill-out effect into neighb
ing pixels in the vertical direction. By performing such
series of measurements one can compensate for the lim
dynamic range of the CCD camera~i.e., the ratio of the
maximum and minimum intensities, which can be reliab
measured within one diffraction pattern!.

The pattern in Fig. 3 is typical for a random hexagon
close-packed~rhcp! structure, which was demonstrated e
lier @23,24# in this system. Moreover, it is a very commo
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long-living metastable structure for colloidal spheres with
hard-core interaction potential@5,22–24,31–38#. We adopt
the usual (hkl) Miller indices for the reciprocal lattice re
flections of an rhcp crystal@23#. In Fig. 3 l'0 and one can
see two types of reflections with one-third of the reflectio
being very much brighter. These are the stackin
independent (hk0) reflections withh2k divisible by 3,
where contributions of all crystal planes interfere constr
tively @23#. The other, weaker (hk0) reflections withh2k
not divisible by 3 appear when the stacking-disorder-indu
Bragg rods@22–24,34,39# cross the Ewald sphere.

Figure 4 presents the horizontal profile of one of t
~110!-type diffraction peaks in Fig. 3~a!. The solid line is a
Gaussian fitI (qx)5I 0 exp@2(qx2qx,0)

2/(2s2)#1I dark with
I 0 and I dark denoting the maximum peak intensity and t
readout offset, respectively,qx,05600.8 detector pixels is the
x position of the peak and the standard deviation iss51.1
pixels 50.5 mm21. As demonstrated below, the crystal h

FIG. 4. Horizontal profile through the~110!-type diffraction
peak in Fig. 3~a! @with the maximum intensity at the detector coo
dinates (x,y)5(601,527)]. Points present the detector readings
the solid line is a Gaussian fit as described in the text. The dista
between pixels corresponds to about 0.47mm21.
5-4
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extremely narrow reflections so that the peak width 2s is
entirely limited by the instrument. In addition to the fini
transverse coherence length of the beaml tr discussed above
the peak can be further broadened by the resolution of
CCD detector itself and the imperfectness of focusing of
beam at the detector plane depending on the quality of
optical elements and their alignment. Yet, from the pe
width 2s in Fig. 4 one can conclude that at leastl tr
.2p/(2s)56 mm in the horizontal direction. The vertica
profile through the same reflection is;20% broader possibly
due to abberations of the mirror that focuses beam vertic
All the other reflections in Fig. 3 have the same sligh
elliptical shape with the same widths.

Another way to demonstrate that the peak width in Fig
is close to the theoretical resolution limit of the optic
scheme of the beam line is as follows. The smallest ach
able horizontal size of the reflections within the detec
plane is simply governed by the source sizeds times the
magnification factor (zdet2zmono)/zmono524/3350.73 of the
focusing optics. The achieved physical width 2s5114 mm
of the reflection in Fig. 4 is only a factor of 1.6 larger tha
the theoretical limit assumingds5100 mm.

To make use of the higher resolution achievable along
longitudinal direction in a small-angle experiment~see the
discussion in Sec. III!, the sample was tilted byz50.4° with
respect to its orientation in Fig. 3. The axis of rotation
slightly inclined ~by about 15° counterclockwise! from the
vertical direction. The resulting diffraction pattern is show
in Fig. 5. In this case the Bragg condition is still~nearly!
fulfilled for two ~110!-type reflections, which leads to onl
two very bright diffraction peaks strongly oversaturating t
detector in Fig. 5~marked in the figure with 1a and 1b!. The
other four~110!-type reflections~marked in the figure with 2!
miss the Ewald sphere byDq5zq(110)50.3 mm21 and their
intensity is strongly reduced~by about three orders of mag
nitude!. Here q(110)54p/a denotes the wave vector of th

FIG. 5. Diffraction pattern from a slightly tilted sample. Th
exposure time isDT510 s. The six ~110!-type reflections are
marked by 1a, 1b, or 2.t5235 min.
03140
e
e
e

k

y.

4

v-
r

e

~110! reciprocal lattice reflection, corresponding to an
rangement of spheres with a period of half the neare
neighbor distancea. Thus, the width of the reflection
dq must be very much smaller than the wave vector m
matchdq!Dq.

A further estimate of the width of the reflectionsdq can
be obtained by noting that the diffraction patterns in Figs
and 5 display strong asymmetry, i.e., the intensities of t
opposed reflections (hkl) and (h̄k̄ l̄ ) are significantly differ-
ent @e.g., the~110!-type reflections marked 1a and 1b in Fi
5#. At a small diffraction angle 2u the Ewald sphere deviate
from a plane by as little asdk5k02u2, as illustrated in Fig.
6. For a pair (hkl) and (h̄k̄ l̄ ) of opposed reflections the
difference in the wave vector mismatch cannot be larger t
2dk. The strong asymmetry of the~110!-type reflections thus
suggests thatdq,2dk(110)50.037mm21. This result indi-
cates the presence of long-range order over distances o
order of 2p/(2dk(110))'200 mm, i.e., over the thickness o
the capillary in agreement with our earlier result@23#. In
other words, the crystal before drying does possess lo
range order, i.e., positional order over the whole crystal s

In the following section we present the results of thein
situ observation of the modification of the order paramet
in the crystal during its drying. To make use of the hig
longitudinal resolution, which can be obtained in small-an
diffraction, a slightly tilted sample orientation, used in Fig.
was chosen. In this case we can address the width of
diffraction peaks on three different levels of sensitivity. T
direct determination of the peak width from the detector i
age is the most crude and can detect broadening of the
ciprocal lattice reflections in the transverse direction only
the order of 2s51 mm21. In the longitudinal direction a
much higher sensitivity can be achieved. One can make
of the tilted crystal orientation and compare the intensities
the~110!-type diffraction peaks marked 1 and 2, respective
in Fig. 5. In this way one can detect changes of the width
the reflections, when it is comparable toDq50.3 mm21.
The highest sensitivity;2dk(110)50.037mm21 can be
achieved by watching the asymmetry of the diffraction p
tern ~i.e., by comparing the intensities of the reflections
and 1b!.

V. DRYING: LOSS OF LONG-RANGE ORDER

The drying was achieved by cutting off the top part of t
capillary with supernatant. Cyclohexane was allowed

FIG. 6. Illustration of the asymmetry of the diffraction patter
in Figs. 3 and 5 originating from the curvature of the Ewald sphe
The small circles denote the origin of the reciprocal space of

sampleO and two opposed (hkl) and (h̄k̄ l̄ ) reciprocal lattice re-
flections,dk is the deviation of the Ewald sphere from a plane. T
wave vector of the incident beamk0 slightly misses the@hkl# crys-
tallographic direction.
5-5
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evaporate from the remaining short (;30 mm) part of the
capillary through the open top. Figure 7 schematically su
marizes some of the important stages of the drying proces
observed using the video camera. Photographs taken
the TV screen are available at an Internet page, wh
supplements this paper@40#.

No significant change of the diffraction pattern was d
tected after opening the capillary, when the meniscus
well above the sediment. In fact, the pattern in Fig. 5 w
taken when the capillary was already opened and the sol
was evaporating. The same pattern was measured in
closed capillary at the same sample orientation.

Figure 8 presents the diffraction pattern measured w
the meniscus touched the sediment@as sketched in Fig. 7~a!#.
To indicate the time scale in the following, this moment
time is used ast50. The pattern in Fig. 5 was taken 35 m
before t50. The pattern in Fig. 9 was taken at aboutt
514 min, when the meniscus flattened while the sedim
was still wet @see Fig. 7~b!#. The intensity of the brightes

FIG. 7. Sketch of some of the visually observed stages du
drying, when the meniscus reaches the sediment~a!, flattens out
completely~b!, and air penetrates into the sediment~c!. These three
stages approximately correspond to diffraction patterns show
Figs. 8, 9, and 11, respectively. The approximate position of
observation point within the sediment is marked by a circle.

FIG. 8. Diffraction pattern measured when meniscus touches
sediment (t50). The exposure time isDT510 s.
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two ~110!-type reflections is now significantly reduced, whi
the other four are strengthened, leading to a~nearly! sixfold
symmetric pattern. Now the reflections 2 are only a facto
to 2.5 weaker than reflection 1a and 1b.

The origin of the modification of the diffraction pattern
in Figs. 5, 8, and 9 is illustrated in Fig. 10. For a long-rang
ordered crystal in Fig. 5 the reflections are very narrow~solid
line in Fig. 10!. For the 1a and 1b~110!-type reflections the
Bragg condition is~nearly! fulfilled, i.e., the wave vector
mismatch is small. Moreover, due to the curvature of
Ewald sphere there is a difference between their intensitie
Fig. 5. For the other four~110!-type reflections the wave
vector mismatchDq is relatively large so that these refle
tions are nearly invisible. Upon shortening of the position
order, the reflections broaden~dashed line in Fig. 10! leading
to a strong reduction of the intensity of reflections 1a and
in Fig. 8. We note also that the asymmetry of the pattern
disappeared in Fig. 8, which indicates that the width of
reflections is nowdq.dk(110) . Yet, since two~110!-type
diffraction peaks~reflections 1a and 1b! are still much stron-
ger than the other four~reflections 2!, dq is smaller than the

g

in
e

e

FIG. 9. Diffraction pattern measured when meniscus becom
flat (t514 min). The exposure time isDT510 s.

FIG. 10. Qualitative illustration of the modifications of the in
tensities of~110!-type reflections in Figs. 5~solid line!, 8 ~dashed!,
and 9~dot-dashed!, which are induced by their broadening. Vertic
lines denote the wave vector mismatch for reflections 1a, 1b, an
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wave vector mismatchDq induced by the sample tilt. Upon
further increase of the capillary-force-induced strain fie
the width of the reflections becomes comparable to the
angle-induced wave vector mismatchDq ~dot-dashed line in
Fig. 10!, so that the intensities of all six reflections of th
~110!-type in Fig. 9 are similar. This broadening could
explained by shortening the spatial extent of the positio
orderL down to about 2p/Dq520 mm.

We note that our resolution in the plane of the detecto
still too low to resolve the broadening of the reciprocal l
tice reflection. The reflections in Figs. 5, 8, and 9 keep pr
tically the same shape and width. We should further men
that the stress field may somewhat change the crystal o
tation and, thus, affect the wave vector mismatchDq and the
symmetry of the pattern~compare with Fig. 3!. However, it
is necessarily accompanied by a significant broadening of
reflections since their intensity is now very much weaker

The pattern in Fig. 11 was takent521 min after the pat-
tern in Fig. 8. At this moment the meniscus turned ups
down and air penetrated down along the sides of the ca
lary @as sketched in Fig. 7~c!#. Formation of a large air void
in the sediment was visually observed on the TV screen c
nected to the video camera in the experimental hutch.
diffraction peaks are seen to split into many separate refl
tions in Fig. 11 indicating that the crystal is not able to wit
stand a too strong stress anymore and it breaks up
smaller crystallites. Note that the peak broadening was
served only in the azimuthal direction. As illustrated in F
12, the radial profile kept practically the same instrume
limited width as in Fig. 4. The latter result suggests that
crystallites in the mosaic are significantly larger than, a
possess positional order over distances more than, the x
beam transverse coherence lengthl tr.6 mm ~see the discus
sion of Fig. 4!. The azimuthal broadening, in turn, is relate
to a reduction of the orientational correlation between diff
ent crystallites in the mosaic.

After t521 min formation of further voids in the sed

FIG. 11. Diffraction pattern measured when air penetrated
the sediment (t521 min). The exposure time isDT515 s.
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ment was visually observed@40#. At t'28 min the sediment
became turbid and looked dry. However, no remarka
changes of pattern was observed up tot530 min, suggesting
that the observation point was still wet. Its final drying w
observed only betweent530 andt535 min as a significant
increase of the diffracted intensity due to an enhancemen
the scattering contrast as can be seen in Fig. 13. We note
apart from the increased intensity, the diffraction pattern
very similar to that shown in Fig. 11.

Several factors could play a role in the drying proce
First of all, solvent evaporation leads to an increase of
concentration of nonabsorbing polymer, which osmotica
compresses the sediment. In the case of slow evapora
~giving sufficient time to equilibrate! the system should fol-
low the so-called drying line@41#. In our experiment evapo
ration of the volatile cyclohexane was presumably too f
for the polymer diffusion into the sediment to equilibrate
concentration. In this case one could expect a perman
increase of osmotic compression at the top of the sedim

o

FIG. 12. Radial ~circles! and azimuthal ~crosses! profiles
through the~110!-type diffraction peak in Fig. 11@around detector
coordinates (x,y)5(600,515)]. The solid line is a Gaussian fun
tion with the same width as in Fig. 4.

FIG. 13. Diffraction pattern measured in the dry crystalt
538 min). Note the increased contrast. The exposure time isDT
530 s.
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starting right after the opening of the capillary. However,
did not observe any remarkable effect in the early stage
the solvent evaporation, when the meniscus was well ab
the sediment. We cannot, however, completely rule out
effect at later stages when the polymer concentration
raised even further.

Fast modification of the diffraction pattern began appro
mately when the meniscus touched the sediment.
sketched in Fig. 7~a! the capillary forces, which can strongl
push the colloidal particles together, can come into p
However, they are applied only at the top of the sedimen
a couple of millimeters distance from the observation po
Our results suggest that the stress fields generated by
pressure differences and the strain at the air-solvent inter
are able to elastically propagate over a macroscopically la
distance without strong decay~illustrated by arrows and
shading in Fig. 7!.

Flattening of the meniscus, as sketched in Fig. 7~b!, and
creation of new air-solvent interfaces inside the sedimen
illustrated in Fig. 7~c!, increases the area over which th
capillary forces act and brings them closer to the observa
point. As we have observed, the enhanced stress field l
to further broadening of the crystal reflections followed by
breakup of the single crystal.

Surprisingly, the main effect of the drying was detected
the three stages sketched in Fig. 7 when the drying front
not yet reach the observation region and there were no
illary forces acting within that part of the crystal. On th
contrary, the diffraction pattern did not change anymo
when the crystal dried out completely, although the collo
at that stage are strongly pushed together by both the c
lary forces and the van der Waals attractions~enhanced due
to increased refractive index contrast!.

We finally remark that to disturb the positional order in
ideal single crystal, one has to apply a nonuniform exter
stress field~e.g., of the bending or screwing type! to the
crystal. A real crystal, in addition, may contain ‘‘internal’
sources of the local nonuniform stress field. In particula
colloidal hard-sphere crystal contains a finite density of
fects @42# even at thermodynamic equilibrium; much mo
imperfectness could be induced by numerous growth def
incorporated in the experimental conditions. An addition
contribution to lattice disorder might be provided by t
polydispersity of the colloidal spheres@43–45#. All these ef-
fects could further reduce the ability of a colloidal crystal
sustain compression.

VI. DYNAMIC DIFFRACTION
AND LONG-RANGE ORDER

So far we have used the kinematic approach to desc
our results. However, in crystals possessing long-range o
the x-ray diffraction can switch to the dynamic regime@24#
due to coherent summation of many weak scattered wa
upon their propagation in a single crystal. Below we dem
strate a direct relation between the strength of the diffrac
and the extent of the positional order. This phenomen
could thus be employed as an alternative approach to s
the long-range order in colloidal crystals.
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To directly demonstrate the dynamic character of
x-ray diffraction in the wet crystal, we show in Fig. 14
diffraction pattern measured without beam stop. The cry
orientation here is the same as the one used in Fig. 3. T
out of the six lowest-order~110! diffraction peaks are seen t
have intensities comparable to that of~the rest of! the direct
beam. The other three are somewhat weaker presumably
cause the incident beam slightly misses the@001# crystallo-
graphic direction, which, together with the extremely narro
width of the reflections, leads to an asymmetry of the patt
~see Fig. 6 and Ref.@23#!.

The theory of dynamic diffraction in the presence of ma
mutually interacting waves is rather complex. Instead, o
can use the much simpler kinematic approach for an ord
of-magnitude estimate of the conditions needed to switch
diffraction into the dynamic regime. We further assume th
the crystal of a thicknessL along the beam consists of (L/L)
domains, which are positionally uncorrelated with ea
other. Then, assuming coherent interference over the dom
sizeL ~see Sec. III! but incoherent summation of intensitie
originating from different domains, the power diffracted in
a particular (hkl) reflection obeying the Bragg law can b
estimated as

P(hkl)5
LL

L (hkl)
2

P0 , ~4!

whereP0 is the total power of the direct beam andL (hkl) is a
characteristic length describing the strength of the diffr
tion. In a long-range ordered crystalL5L andP(hkl) grows
quadratically}L2 inside the single crystal. For an (hkl) re-
flection with diffraction vectorq(hkl) the characteristic length
is given by L (hkl)5@lnr0ZAF(q(hkl))#21 @24#, where r 0
5e2/(mc2) is the Thompson radius,n is the number density
of the spheres,Z is the excess number of electrons in t
colloidal particle relative to an equivalent volume of solve
and F(q) is the normalized scattering form factor. For th
strong~110! reflections seen in Fig. 14 one can evaluate
characteristic lengthL (110)

wet 50.26 mm in a wet colloidal crys-
tal. Clearly, the sample thicknessL50.2 mm was compa-
rable to L (110)

wet , so that the diffracted beams must signi

FIG. 14. ~Color online! Three-dimensional plot of the centra
part of the same diffraction pattern as in Fig. 3~a! but measured
without beam stop. The exposure time isDT50.1 s.
5-8
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DESTRUCTION OF LONG-RANGE ORDER RECORDED . . . PHYSICAL REVIEW E69, 031405 ~2004!
cantly deplete the direct beam towards the end of the lo
range-ordered crystal. In an earlier paper@24# we have
suggested that diffraction switches to the dynamic regime
the long-range ordered wet colloidal crystals. Figure 14 p
vides a direct confirmation of the dynamic character of d
fraction even at higher x-ray energies~15 keV instead of 10
keV @23#, the latter corresponding to a 1.5252.25 times
higher refractive index contrast!.

It is enlightening to compare the strength of the diffra
tion in the crystal after drying, when the extent of the po
tional orderL is significantly shortened. Figure 15 shows t
diffraction pattern measured in the dry sample at exactly
same position and the same orientation. After drying the c
trast is enhanced by about 80% so that the power scatt
by one silica sphere is more than three times larger
L (110)

dry 50.14 mm. However, the diffracted intensity is seen
significantly reduce, mostly due to shortening of the crys
positional correlation lengthL in Eq. ~4!, which significantly
overcompensates the shortening ofL (110) . The pattern in Fig.
15 can be considered as an incoherent sum of kinematic
fraction patterns originating from small domains, which a
positionally uncorrelated with each other.

We also note that, despite the contrast enhancement
intensity of the direct beam was increased by about a fa
of 2 so that a shorter exposure timeDT was used to avoid
detector saturation. In the dry crystal the absorption is pr
tically unaffected since it is mostly originating from th
silica spheres and the glass walls of the capillary. This red
tion of the sample extinction is thus caused by the decre
of the diffraction strength. The results presented in Figs.
and 15 indicate that the strength of the diffraction and
transition into the dynamic regime can be used as an a
native approach to probe the extent of the positional orde

FIG. 15. ~Color online! Three-dimensional plot of the centra
part of a diffraction pattern measured without the beam stop in
dry crystal (t555 min). The exposure time isDT50.05 s. The
small ‘‘ridge’’ in the background level is an artifact of the came
caused by the intense direct beam@cf. Fig. 3~c!#. A similar but
somewhat weaker effect can be also seen in Fig. 14.
.G
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colloidal crystals. Development of appropriate theory
however, needed in order to exploit dynamic diffraction fo
detailed quantitative characterization of the order paramet

VII. CONCLUSIONS

In this work we present the analysis of the requireme
needed to observe coherent x-ray diffraction in colloid
crystals in a small-angle geometry. It is shown that in t
longitudinal direction, i.e., along the beam propagation dir
tion, a reciprocal space resolution of the order ofdq/k0
;1026 can be achieved, which is sufficient to detect t
presence of long-range positional order. The transverse r
lution of the setup was improved here to aboutdq/k0
;2s/k051.331025, i.e., a factor 5–10 better than prev
ously reported@19–24#.

Furthermore, we have applied the high-resolution sm
angle x-ray diffraction technique to observein situ the modi-
fication of the crystal structure caused by capillary forc
during drying. Broadening of the diffraction peaks is o
served already when the meniscus reaches the sedimen
associate this with a stress field originating from capilla
forces applied at the top of the sediment and elastic
propagating down. When air penetrates into the sediment
a wet part of it is encapsulated by the solvent-air interfa
the stress crosses a critical value and the crystal breaks
many domains with slightly different orientations. All struc
tural changes observed are induced by external stress fi
in the wet crystal and no change in its structure is detec
when it finally dries.

We have also presented direct evidence of the dyna
regime of x-ray diffraction in the long-range-ordered collo
dal crystal. However, the diffraction switches to the~nearly!
kinematic regime when the long-range positional order
destroyed. Our results indicate that the strength of the
fraction and its transition into the dynamic regime can
used as an alternative approach to probe the extent of
positional order in photonic colloidal crystals.
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