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Destruction of long-range order recorded within 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 m@ait-range-
ordered crystal.

DOI: 10.1103/PhysReVvE.69.031405 PACS nun)er82.70.Dd, 42.70.Qs, 61.16i

[. INTRODUCTION distances over thousand lattice periods. Furthermore, we
have found 24] that in a long-range-ordered colloidal crystal
Suspensions of hard-sphere colloids display a fluid-solidiiffraction can switch from the kinematic to the dynamic
transition at volume fractions above 50%, which is driven byregime. In random-stacking crystals dynamic diffraction
the excluded-volume entropy favoring macroscopically or-manifests itself in an unusual way as the appearance of sec-
dered close-packed crystal structurgz]. This phenomenon ondary Bragg rod§24].
serves as a simple model of crystallization in atomic and This paper focuses on several different, but closely related
molecular system§l—12]. Recently, self-assembled colloi- issues. One of them deals with a further development of the
dal crystals have also attracted significant attention as tenhigh-resolution small-angle x-ray diffraction technique. We
plates for inexpensive large-scale fabrication of photonigresent a thorough analysis of effects of the finite beam co-
band gap materialgl3—17. The order parameters in a col- herence on the reciprocal-space resolution of the setup. In
loidal crystal are of great interest from a fundamental pointparticular, we consider limitations of the longitudinal resolu-
of view and crucial for potential applications. In a so-calledtion originating from the angular spread of plane-wave com-
perfectthree-dimensional crystal the long-range order is nojponents(Sec. Ill), which was left out earlief23]. Further-
destroyed by thermal fluctuations of the atomic positions ananore, we report on achievement of the setup resolution in the
their positional correlations extend over the whole crystalransversedirection that is by nearly one order of magnitude
size[18]. However, most crystals are imperfect since varioushigher than that in Refs[19-24. This improvement is
extended defects or crystal deformations caused by externabmplementary to the extremely high resolution in the lon-
or internal (defect-inducep stress fields can easily destroy gitudinal direction. The technique is applied for a detailed
the positional correlations on large distances. analysis of the structure and order parameters in a wet sedi-
Diffraction techniques can directly address the crystallinementary colloidal crystalSec. V). We demonstrate how one
structure and long-range order. Well-collimated synchrotrorcan address the width of the diffraction peaks on three dif-
x-ray beams allow one to obtain clear diffraction patternsferent levels of sensitivity from a single diffraction pattern
from colloidal crystals within a wide range of reciprocal measured with a fixed crystal orientation.
space[19-24. Moreover, we have recently demonstrated To further illustrate the strength of the high-resolution
[23] that the extreme flatness of the Ewald sphere at smabmall-angle x-ray diffraction technique, we apply it to record
diffraction angles allow one to achieve resolution in recipro-in situ the destruction of the long-range order during drying
cal space in théongitudinal direction beyond 10° of the  (i.e., solvent evaporation from the colloidal crygtaBuch
X-ray wave vector in a single-crystal diffraction scheme withdrying can be needed if a colloidal crystal is used as a tem-
partially coherent synchrotron radiation. By performing plate for a photonic band gap materjaB—15,2Q. The cap-
small tilts of the single colloidal crystal around one of theillary forces are very strong on the colloidal scale and can
low-index orientations, one can then probe the intrinsicplay a significant role. For example, their impact was earlier
width of the reciprocal lattice reflections, which is deter- studied in connection with formation of a paint film on sur-
mined by the extent of the long-range positional ordeon  faces[25]. Capillary forces are also us¢d6,17,2§ to as-
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semble colloidal particles on a flat substrate. However, the\\/A =2x 10" %) were selected by a sagittally focusifig.,
effect of solvent evaporation on the three-dimensional crystah the horizontal plane of the electron opbidtouble-crystal
structure was not addressed in the past. For a drying colloid&i(111) monochromator, located &f,,,=33 m. It was fol-
system x rays are particularly advantageous since opticabwed by a bent silicon mirror at,,,=35.5 m downstream
techniques are not suited due to a great enhancement of tfi@m the source, which focused the beam in the vertical
sample turbidity. As will be demonstrated, the long-rangeplane and discriminated against harmonics coming from the
order is destroyed during drying. These res(fsc. \j form monochromator. The harmonic suppression coefficient was
another important message of this paper. about 10°3. The parasitic small-angle scattering originating

Finally, the third message of the paper is related to thérom the x-ray optical elements was blocked by two sets of
dynamic character of x-ray diffraction in colloidal crystals slits installed atz;5=42 m andz,;s=48 m.
(Sec. V). A direct comparison of the intensity of diffracted ~ The sample was mounted a{,,,=49 m on computer-
beams with that of théremaining direct beam is performed. controlled rotation and translation stages allowing us to scan
It unambiguously supports the interpretation of the secondthrough the sediment and to carefully orient the colloidal
ary Bragg rods in Ref[24] as multiple x-ray scattering. single crystals. The diffraction was recorded at a distance of
Moreover, the strength of the diffraction is shown to drasti-8 m from the samplez,.=57 m) by an x-ray sensitive CCD
cally reduce after destruction of the long-range order, which’charge-coupled devigecamera (X-Quis, Photonics Sci-
can now be seen as a sum of nearly kinematic diffractiorence. The diffraction image was digitized into 1024024
patterns from small crystallites in the mosaic. pixels with the pixel size corresponding to 52n physical
separation on the phosphor screen of the camera. The entire
field of view was about 7.5 cm along the diagonal. The read-
out offset was about 32 counts per pixel with a typical noise

Spherical silica colloid§27] were synthesized and coated Of two to three counts. The maximum measurable intensity
with 1-octadecanol to provide sterical stabilization. Their di-corresponded to 4096 counts per pix&R bit). Moreover,
ameter of 224 nm was derived from small-angle x-ray scatsignificant efforts were spent on a careful alignment of all
tering in a dilute suspensiofthe form factoy. This value optical elements of the setup. The direct beam was focused
was found to agree with results of static and dynamic lighton the screen of the CCD camera. As is shown in Sec. IV, a
scattering230 nm) and sedimentatiof218 nm experiments  significant improvement of the transverse resolution has been
[28]. A size polydispersity of 4.1% was determined by trans-achieved, which is close to the theoretical limit for the opti-
mission electron microscopy. The particle density was estatcal scheme of BM26B. This achievement was crucial for the
lished at 1.69 g/m[28], which is lower than that of bulk results presented in Sec. V. The sample drying was also vi-
silica due to porosity. Cyclohexane has a specific weight ofually observed using a video camera installed in the experi-
0.77 g/ml and is very volatile. The colloidal particles act asmental hutch.
hard spheres in this solve[29]. Nonadsorbing polydimeth-
ylsiloxane polymer (molecular weight 91.7 kg/mol,
My, /M,=1.9, radius of gyratiomR,=14 nm) was added to ll. TRANSVERSE AND LONGITUDINAL COHERENCE
the suspension to accelerate crystallization of large colloidal
crystals[23].

Samples were prepared in lofB00 mm) flat glass capil-

II. EXPERIMENTAL SECTION

Diffraction appears as a result of coherent summation of
waves scattered by different colloidal spheres. It can reveal
] »no X 5 : the positional correlation of the particles only if the waves
laries with internal cross section of <2 mm*, which were  gcattered by them are able to interfere. This implies certain
filled with a dilute suspensiofwhere 5% and 10%-15% of oqyirements for the beam coherence, which are considered
the volume are filled by colloid and penetrable polymer;, his section for the small-angle diffraction geometry. Co-
coils, respectively Capillaries were stored upright before perent properties of an x-ray beam are different in the trans-
arjd.durmg the expenment..The colloidal particles sedimentorse and longitudinal directions. Correspondingly, one
within about a week. Colloidal crystals nucleated after thegpoy g distinguish the resolution of a small-angle diffraction
sedimentation was complete at the top of the sediment angh 5 in two different directions, which are denoted as the
grew downwards as was observed by Bragg reflections ofansyerse and longitudinal resolution in the following. The
visible light. After a few weeks the crystallization stopped former determines the ultimate limit of the apparent size of

and the bottom part of the sediment remained amorphougachy reflection in the detector plane. The latter can be ex-
The height of the crystalline part of the sediment was aboubloited in single-crystal diffractiofi23].

5 mm. ) ) The incident wave inside the sample is a result of inco-
A small-angle x-ray diffraction StudySAXS) was per-  perent summation of waves independently emitted by vari-
formed at the SAXS/WAXS station of the BM-26B Dutch- points of the spatially extended x-ray source of adize

Belgian beam lingDUBBLE) at the European Synchrotron g freely propagating wave the phase front possesses ran-
Radiation Facility(ESRF in Grenoble[30]. The horizontal 4o corrugation, which becomes comparable to the x-ray

and vertical primary slits situated at a distagg@ =28 m  \ayelengthn on distances of the order of the transverse
from the bending magnet radiation source determine the ansonherence length

gular divergence of the synchrotron radiation beam. Slit
widths down to 106 100 xm? were used. Monochromatic
15 keV x-rays (wavelength A\=0.83 A, spectral width l,=M\Z/dg, (D)
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FIG. 1. (Color online Sketch of beam focusing within the op- _FIG. 2. Ewa!d sphere construction for a paraI_IeI beam With a
tical setup. H1 denotes the entrance slits. Indicated distances corrfiite spectral widthAX (a) and for a monochromatic beam with a

spond to the position of the second crystal of the monochromatofinite angular spreag of plane-wave components in the incident
which performs focusing in the horizontal direction. The shaded®®@@m(b). The angles are greatly exaggerated for clarity. The small

areas schematically denote one of the cones, where the radiation §§cles denote the origin of the reciprocal space of the sa@ped
spatially coherent. A diffracted beam is shown in a different color. 2n (kl) reciprocal lattice reflection. 2is the diffraction angle{ is
the sample tilt angle.

which increases with the distanaetraveled by the beam
from the source. With the source size of abdy#t 100 um
(root mean squajeat the ESRF and at the wavelengtlused
in the present experiment, the coherence length isono
=27 pm at the position of the monochromator ahg;
=30 um at the mirror. After a focusing element the beam 50, =
converges and, correspondingly, the transverse coherence

lengthly, shrinks as illustrated in Fig. 1. Assuming ideal op-

tical elements, at the sample positigncan be estimated as in agreement with the result of an earlier consideration in
len=tr, mond Zder— Zsamp/ (Zder— Zmond =9 wm  and Iy, real space[23]. For ins';ance, for the(110) reflections,
=y, mir Zdetr Zsamp! (Zaetr— Zmi) =11 wm in the horizontal  26(110= 7% 10* rad in our case so thatdsg,
and the vertical directions, respectively. ~0.004 mm .

Results presented in the following section show that in the Reduction of the longitudinal resolution, which is related
horizontal direction a transverse coherence lenggh to the angular spreae of the plane-wave components in the
>6 uwm was indeed reached in our experiment, suggesting-ray beam inside the sample, is illustrated in Fi)2The
practically ideal performance of the beam line optics. Colloi-corresponding spread of the Ewald sphereséferl and e
dal spheres separated in the transverse direction by a distansel limits the resolution to
larger thanl,, are irradiated by mutually incoherent waves
and their scattering fields do not interfere. As a result, the S _2_7"
transverse coherence was sufficient to resolve the diffraction N
peaks (; is larger than the structure peripdut is far too

small to probe the long-range order in the transverse direci/e note thatéq, also reduces towards small scattering
tion. angles, although only linearly with. One could distinguish

As was suggested in our previous pap@s], a much two contributions to theotal value of e. One of them is
higher longitudinal resolution can be achieved since conditelated to the fact that the x-ray beam hitting the sample has
tions for coherent interference in the longitudinal directionthe form of a cone converging towards the detector. The
can be fulfilled on much larger distances. By tilting the opening angle of this cone.y,is determined by the accep-
single crystal to a small anglgand, for example, observing tance angle of the primary slits divided by the magnification
the variation of the total intensity(,(£) of a particular ~ factor of the focusing system. For 1g0m wide slits one can
(hkI) reflection, one can then exploit the coherent interfer-evaluateesyne=5x 10"° and 6< 10" in the horizontal and
ence between waves scattered at the front and rear side of tHe vertical directions, respectively. The other contribution
sample[23] to resolve the intrinsic width of the reciprocal arises from the finite transverse coherence of the x-ray beam,
lattice reflections. The limiting factors here are related to thavhich is discussed above. As a result, at a given point in the
finite spectral widthA\ of the radiation[23] and the finite beam there is a finite angular spregg=»\/I of the mutu-
angular spread of the plane-wave components. The first eflly incoherent plane waves. Assuming uncorrelated contri-
fect is illustrated by the Ewald sphere construction in recip-butions of e;one and €, one can estimate the total angular
rocal space shown in Fig(&@. A spread in the wavelengths spread e of the plane-wave components age’+ ez,

\ in the incoming beam leads to a series of Ewald sphereshich amounts to 1.0810 ° and 0.9510 ° rad in the
with slightly different curvatures, which all must pass horizontal and the vertical plane, respectively.

through the originO of the reciprocal space of the sample.  Using the estimates given above and B}, one gets for
The finite bandpasa\ can thus reduce the resolution of the the (110) reflectionséq,=0.28 mm * and 0.25 mm? in the

scheme for measurements of the rocking culug;({).
From the construction in Fig.(2) one can find that at small
angles the resolution in the reciprocal space is limited by

2m7AN

N 262 2
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FIG. 3. Diffraction patterns measured with the x-ray beam incident alonf0tH direction. The exposure time of the CCD camera is
AT=0.1s(a), AT=1 s (b), and AT=60 s (c). Throughout this paper the intensities are displayed in as-read detector counts without
subtracting the background-32 counts).

horizontal and vertical directions, respectively. One can setong-living metastable structure for colloidal spheres with a
that 8g,> 6q,, i.e., 89, is a much more important limiting hard-core interaction potenti§b,22—24,31-3B We adopt
factor thandq,, considered earligf23]. Yet, the main con- the usual tikl) Miller indices for the reciprocal lattice re-
clusion of Ref.[23] is not affected. For partially coherent flections of an rhcp crystdR3]. In Fig. 31~0 and one can
synchrotron radiation the very flat nature of the Ewald sphergee two types of reflections with one-third of the reflections
leads, in principle, to a longitudinal resolutiaiy/k, better  being very much brighter. These are the stacking-
than 10 8 for a low-order reflection. This would allow one to independent t§k0) reflections withh—k divisible by 3,
probe positional correlations in the particle positions on diswhere contributions of all crystal planes interfere construc-
tances up to 2/(59,)>1 cm along the beam propagation tively [23]. The other, weakerhk0) reflections withh—k
direction. However, as further discussed in Sec. VI, there isiot divisible by 3 appear when the stacking-disorder-induced
another limitation of the technique related to the switch ofBragg rodg22-24,34,39cross the Ewald sphere.

the diffraction into the dynamic regime on distances of the Figure 4 presents the horizontal profile of one of the
order of 100—20Qum, which further limits the effective lon- (110-type diffraction peaks in Fig.(&). The solid line is a
gitudinal resolution in the present case to abdig/kg Gaussian fitl (gy) =1 exp[—(qx—quo)zl(ZUz)]vLIdark with

~10°5. lo and |4, denoting the maximum peak intensity and the
readout offset, respectivelg, ,=600.8 detector pixels is the
IV. STRUCTURE AND LONG-RANGE ORDER x position of the peak and the standard deviatiowris1.1
OF THE WET CRYSTAL pixels =0.5 um™'. As demonstrated below, the crystal has

Figure 3 displays diffraction patterns measured in a crys-

tal with its hexagonal planggearly parallel to the capillary = 1400~ e
walls. The hexagonal planes of the crystal were carefully € 12004 —— Gaussian fit | |
aligned normal to the incident x-ray beam. The images are § —

obtained at different exposure tim@sT. In panel(a) AT = |

=0.1 s and only the brightest reflections are visible. Upon *8‘ 800+

increase ofAT in panels(b) and (c) the weaker reflections D 400l

become detectable while the brightest reflections greatly Z

oversaturate the CCD camera. () the too high exposure }%’ 400+

also leads to the appearance of vertical stripes in the image, & 200

presumably caused by a charge spill-out effect into neighbor- =

ing pixels in the vertical direction. By performing such a i 600 602 604
series of measurements one can compensate for the limited q, (pixels)

dynamic range of the CCD camefae., the ratio of the

maximum and minimum intensities, which can be reliably  FiG. 4. Horizontal profile through thél10-type diffraction

measured within one diffraction pattern peak in Fig. 3a) [with the maximum intensity at the detector coor-
The pattern in Fig. 3 is typical for a random hexagonaldinates &,y)=(601,527)]. Points present the detector readings and

close-packedrhcp) structure, which was demonstrated ear-the solid line is a Gaussian fit as described in the text. The distance

lier [23,24 in this system. Moreover, it is a very common between pixels corresponds to about O 42,

031405-4



DESTRUCTION OF LONG-RANGE ORDER RECORDED. .. PHYSICAL REVIEWER, 031405 (2004

donenbiond il Ll

8007 . 3
7007 1 a E
3 2 E
600+ 2 E FIG. 6. lllustration of the asymmetry of the diffraction patterns
3 ' 2 E in Figs. 3 and 5 originating from the curvature of the Ewald sphere.
] . ] The small circles denote the origin of the reciprocal space of the
500 2 ' sampleO and two opposedhkl) and (hkl) reciprocal lattice re-
3 Jab 3 flections, 5k is the deviation of the Ewald sphere from a plane. The
400 E wave vector of the incident beaky slightly misses th¢hkl] crys-
3 E tallographic direction.
300 400 500 600 700 (110 reciprocal lattice reflection, corresponding to an ar-

rangement of spheres with a period of half the nearest-
neighbor distancea. Thus, the width of the reflections
6q must be very much smaller than the wave vector mis-
matchsq<<Aq.
A further estimate of the width of the reflectiods can
FIG. 5. Diffraction pattern from a slightly tilted sample. The be obtained by noting that the diffraction patterns in Figs. 3
exposure time isAT=10s. The six(110-type reflections are and 5 display strong asymmetry, i.e., the intensities of two

marked by 1a, 1b, or 2= —35 min. opposed reflectionshkl) and (kl) are significantly differ-
ent[e.g., the(110)-type reflections marked la and 1b in Fig.
extremely narrow reflections so that the peak widih 8 5] At a small diffraction angle 2 the Ewald sphere deviates
entirely I|m|ted by the instrument. In addition to the f|n|te from a p|ane by as ||tt|e a§k= k0262, as i”ustrated in F|g
transverse coherence length of the béardiscussed above, 6. For a pair bkl) and M of opposed reflections the

the peak can be further broadened by the resolution of thgigerance in the wave vector mismatch cannot be larger than

CCD detector itself and the imperfectness of focusing of th925k The strong asymmetry of tH@10)-type reflections thus
beam at the detector plane depending on the quality of thgugéests tha5§< 2§k(110)=y0.037um*¥.pThis result indi-

optical elements and their alignment. Yet, from the peakcates the presence of long-range order over distances of the

width 20 in Fig. 4 one can conclude that at least : ;
o . . S ¢ order of 27/(26K(110) =200 um, i.e., over the thickness of
>27/(20)=6 um in the horizontal direction. The vertical the capillary in agreement with our earlier res[@3]. In

profile through the same reflection-is20% broader possibly other words, the crystal before drying does possess long-
due to abberations of the mirror that focuses beam verticallyrange order 'i e., positional order over the whole crystal size
All the other reflections in Fig. 3 have the same slightly "o fol’lowiﬁg section we present the results of the

eIIiRticaLshape Witz the samet Wigﬂt]sh K width in Fi situ observation of the modification of the order parameters
nother way to demonstrate that the peak width in Fig. 4, ¢ crystal during its drying. To make use of the high

IS hclose tfotr':heb theorl_etlcz_il I’eSf0||l|JtI0n l_'rnr:'t of t|r|1e tOpt'ﬁ_al longitudinal resolution, which can be obtained in small-angle
S(k:)I emhe 0 el eam |?er:s asﬂo OWS. _eh_sme;] esd achi®Vittraction, a slightly tilted sample orientation, used in Fig. 5,
able horizontal size of the reflections within the detector, ¢ chosen. In this case we can address the width of the
plane is simply governed by the source sitetimes the

e — diffraction peaks on three different levels of sensitivity. The
magnification factor Zyer— Zmond/Zmono=24/33=0.73 of the g0t determination of the peak width from the detector im-
focusing optics. The achieved physical width-2114 um

Fth flaction in Fi ) v af ¢ | h age is the most crude and can detect broadening of the re-
of the reflection in Fig. 4 is only a factor of 1.6 larger than ¢, cq] Jattice reflections in the transverse direction only of
the theoretical limit assuminds= 100 pm.

1 . . . B
. . . In the longitudinal direction a
To make use of the higher resolution achievable along th g

the order of r=1 um™".

o T : fuch higher sensitivity can be achieved. One can make use
longitudinal direction in a small-angle experimegisee the
discussion in Sec. I]] the sample was tilted b§=0.4° with

of the tilted crystal orientation and compare the intensities of
. X Lo 2 ; ' the(110-type diffraction peaks marked 1 and 2, respectively,

respect to its orientation in Fig. 3. The axis of rotation is

slightly inclined (by about 15° counterclockwisdrom the

in Fig. 5. In this way one can detect changes of the width of
tical direction. Th ting diffracti t is sh the reflections, when it is comparable fq=0.3 um™ 1.

i Ea 5 I ihis case the Bread condition i erzﬂ's " ;""”The highest sensitivity~26k110=0.037 um ™! can be
~1g. 9. S case the bragg co on IS stifiea achieved by watching the asymmetry of the diffraction pat-

fulfilled for two (110-type reflections, which leads to only iqq, (i.e., by comparing the intensities of the reflections l1a

two very bright diffraction peaks strongly oversaturating the, 4 1H

detector in Fig. §marked in the figure with 1a and Lbrhe '

other four(110)-type reflectiongmarked in the figure with 2

miss the Ewald sphere byq={q(110=0.3 um~ 1 and their

intensity is strongly reducetby about three orders of mag- The drying was achieved by cutting off the top part of the

nitude). Hereq;10=47/a denotes the wave vector of the capillary with supernatant. Cyclohexane was allowed to

100 300 1000 3000
Intensity

V. DRYING: LOSS OF LONG-RANGE ORDER
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FIG. 7. Sketch of some of the visually observed stages during 3 E
drying, when the meniscus reaches the sedintentflattens out

completely(b), and air penetrates into the sedimé)t These three | 360 | 460 | 560 | 660 | 760
stages approximately correspond to diffraction patterns shown in
Figs. 8, 9, and 11, respectively. The approximate position of the

observation point within the sediment is marked by a circle. 40 100 300 1000 3000
Intensity

evaporate from the remaining short 80 mm) part of the
capillary through the open top. Figure 7 schematically sum- FIG. 9. Diffraction pattern measured when meniscus becomes
marizes some of the important stages of the drying process &8t (t=14 min). The exposure time 5T=10 s.
observed using the video camera. Photographs taken from
the TV screen are available at an Internet page, whichwo (110-type reflections is now significantly reduced, while
supplements this papg40]. the other four are strengthened, leading tmearly sixfold
No significant change of the diffraction pattern was de-symmetric pattern. Now the reflections 2 are only a factor 2
tected after opening the capillary, when the meniscus wat 2.5 weaker than reflection 1a and 1b.
well above the sediment. In fact, the pattern in Fig. 5 was The origin of the modification of the diffraction patterns
taken when the capillary was already opened and the solveitt Figs. 5, 8, and 9 is illustrated in Fig. 10. For a long-range-
was evaporating. The same pattern was measured in tlgrdered crystal in Fig. 5 the reflections are very nartsalid
closed capillary at the same sample orientation. line in Fig. 10. For the 1a and 1k110)-type reflections the
Figure 8 presents the diffraction pattern measured wheBragg condition is(nearly fulfilled, i.e., the wave vector
the meniscus touched the sedimpad sketched in Fig.(@)]. mismatch is small. Moreover, due to the curvature of the
To indicate the time scale in the following, this moment of Ewald sphere there is a difference between their intensities in
time is used a$=0. The pattern in Fig. 5 was taken 35 min Fig. 5. For the other fouf110)-type reflections the wave
beforet=0. The pattern in Fig. 9 was taken at abdut vector mismatchAq is relatively large so that these reflec-
=14 min, when the meniscus flattened while the sedimentions are nearly invisible. Upon shortening of the positional
was still wet[see Fig. T)]. The intensity of the brightest order, the reflections broadédashed line in Fig. I0eading
to a strong reduction of the intensity of reflections 1a and 1b
- liassbasniy i ' S in Fig. 8. We note also that the asymmetry of the pattern has
: disappeared in Fig. 8, which indicates that the width of the
reflections is nowsq>K(110). Yet, since two(110)-type
700 7 3 diffraction peakdreflections 1a and Jtare still much stron-
E ger than the other foureflections 2, 5q is smaller than the

600 = 3
500 a1 B 3 =
' (7)

3 { E c

O

-—

400 - 2 j=

300 400 500 600 700

0
- wavevector mismatch +
100 300 1000 3000 S .
Intensity FIG. 10. Qualitative illustration of the modifications of the in-

tensities of(110)-type reflections in Figs. &solid line), 8 (dashed,
FIG. 8. Diffraction pattern measured when meniscus touches thand 9(dot-dasheyf] which are induced by their broadening. Vertical
sediment {=0). The exposure time iAT=10 s. lines denote the wave vector mismatch for reflections 1a, 1b, and 2.
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1 L 1 L

800 7 3 D 350] [ waa x
3 3 g x gz;LnumaI X
8 004 — ssian
700 7 o 3 5 2500
3 e 3 § 0]
600 - / : 3 2 1500,
3 3 % 1000
500 - et bl * é w1 X
3 . 3 RS JAES TN T SR SR
400 7 3 &q (pixel width)
] ] FIG. 12. Radial (circles and azimuthal(crosses profiles

3‘00 ‘ 4‘00 ‘ 5’00 ' 660 ‘ 7'00 through the(110)-type diffraction peak in Fig. 11around detector
coordinates X,y) =(600,515)]. The solid line is a Gaussian func-
tion with the same width as in Fig. 4.

40 100 400 1000
Intensity ment was visually observdd0]. At t~28 min the sediment
became turbid and looked dry. However, no remarkable
FIG._11. Diffractiop pattern measureq whgn air penetrated int%hanges of pattern was observed up+@80 min, suggesting
the sedimentt=21 min). The exposure time §T=15 s. that the observation point was still wet. Its final drying was
observed only betweein=30 andt=35 min as a significant
wave vector mismatch g induced by the sample tilt. Upon increase of the diffracted intensity due to an enhancement of
further increase of the capillary-force-induced strain field,the scattering contrast as can be seen in Fig. 13. We note that
the width of the reflections becomes comparable to the tiltapart from the increased intensity, the diffraction pattern is
angle-induced wave vector mismataly (dot-dashed line in  very similar to that shown in Fig. 11.
Fig. 10, so that the intensities of all six reflections of the  Several factors could play a role in the drying process.
(110-type in Fig. 9 are similar. This broadening could be First of all, solvent evaporation leads to an increase of the
explained by shortening the spatial extent of the positionatoncentration of nonabsorbing polymer, which osmotically
order A down to about 2r/Aq=20 um. compresses the sediment. In the case of slow evaporation
We note that our resolution in the plane of the detector iggiving sufficient time to equilibrajethe system should fol-
still too low to resolve the broadening of the reciprocal lat-low the so-called drying ling41]. In our experiment evapo-
tice reflection. The reflections in Figs. 5, 8, and 9 keep pracration of the volatile cyclohexane was presumably too fast
tically the same shape and width. We should further mentiorior the polymer diffusion into the sediment to equilibrate its
that the stress field may somewhat change the crystal oriegoncentration. In this case one could expect a permanent
tation and, thus, affect the wave vector mismatapand the increase of osmotic compression at the top of the sediment
symmetry of the pattercompare with Fig. B However, it
is necessarily accompanied by a significant broadening of the Y TN R R
reflections since their intensity is now very much weaker. 800 " 3
The pattern in Fig. 11 was takeés21 min after the pat- E 4
tern in Fig. 8. At this moment the meniscus turned upside 700 4 3
down and air penetrated down along the sides of the capil- R 3
lary [as sketched in Fig.(€)]. Formation of a large air void 600 5 i b N 3
in the sediment was visually observed on the TV screen con- .
nected to the video camera in the experimental hutch. The E
diffraction peaks are seen to split into many separate reflec- 500 1 . e A 3
tions in Fig. 11 indicating that the crystal is not able to with- E i /E
stand a too strong stress anymore and it breaks up into 400 - 3
smaller crystallites. Note that the peak broadening was ob-
served only in the azimuthal direction. As illustrated in Fig. E 3
12, the radial profile kept practically the same instrument-
limited width as in Fig. 4. The latter result suggests that the
crystallites in the mosaic are significantly larger than, and
possess positional order over distances more than, the x-ray
beam transverse coherence lenigth 6 um (see the discus-
sion of Fig. 4. The azimuthal broadening, in turn, is related
to a reduction of the orientational correlation between differ-  FIG. 13. Diffraction pattern measured in the dry crystal (
ent crystallites in the mosaic. =38 min). Note the increased contrast. The exposure timeTis
After t=21 min formation of further voids in the sedi- =30-s.

7300 400 500 600 700

100 300 1000 3000
Intensity
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starting right after the opening of the capillary. However, we direct beam

did not observe any remarkable effect in the early stage of |

the solvent evaporation, when the meniscus was well above l
the sediment. We cannot, however, completely rule out this |

effect at later stages when the polymer concentration had {1000 l

raised even further. 500 l
Fast modification of the diffraction pattern began approxi- l
mately when the meniscus touched the sediment. As 200 I l
sketched in Fig. (& the capillary forces, which can strongly 100 l
push the colloidal particles together, can come into play. [0 I I

However, they are applied only at the top of the sediment, at

a couple of millimeters distance from the observation point.

Our results suggest that the stress fields generated by the

pressure differences and the strain at the air-solvent interface g 14. (Color onling Three-dimensional plot of the central
are able to elastically propagate over a macroscopically larggart of the same diffraction pattern as in Figa3but measured
distance without strong decaffllustrated by arrows and \ithout beam stop. The exposure timeAF=0.1 s.

shading in Fig. 7.

Flattening of the meniscus, as sketched in Fidp),7and To directly demonstrate the dynamic character of the
creation of new air-solvent interfaces inside the sediment ag_ray diffraction in the wet crystal, we show in Fig. 14 a
illustrated in Fig. Tc), increases the area over which the giffraction pattern measured without beam stop. The crystal
capillary forces act and brings them closer to the observatiogrientation here is the same as the one used in Fig. 3. Three
pOInt. As we have Observed, the enhanced stress field Iea%t of the six |0west_orddrllo) diffraction peaks are seen to
to further broade.ning of the CryStal reflections followed by ahave intensities Comparable to that(die rest 0): the direct
breakup of the single crystal. beam. The other three are somewhat weaker presumably be-

Surprisingly, the main effect of the drying was detected afcayse the incident beam slightly misses [B@1] crystallo-
the three stages sketched in Fig. 7 when the drying front digjraphic direction, which, together with the extremely narrow
not yet reach the observation region and there were no cagyidth of the reflections, leads to an asymmetry of the pattern
illary forces acting within that part of the crystal. On the (see Fig. 6 and Ref23)).
contrary, the diffraction pattern did not change anymore The theory of dynamic diffraction in the presence of many
when the crystal dried out completely, although the colloidsmytually interacting waves is rather complex. Instead, one
at that stage are strongly pushed together by both the capigan use the much simpler kinematic approach for an order-
lary forces and the van der Waals attractigeshanced due of-magnitude estimate of the conditions needed to switch the
to increased refractive index contrast diffraction into the dynamic regime. We further assume that

We finally remark that to disturb the positional order in anpe crystal of a thickness along the beam consists of (L)
ideal single crystal, one has to apply a nonuniform externakjomains, which are positionally uncorrelated with each
stress field(e.g., of the bending or screwing typeo the  other. Then, assuming coherent interference over the domain
crystal. Areal crystal, in addition, may contain “internal” sjze A (see Sec. Il but incoherent summation of intensities
sources of the local nonuniform stress field. In particular, Briginating from different domains, the power diffracted into

fects [42] even at thermodynamic equilibrium; much more ggtimated as

imperfectness could be induced by numerous growth defects
incorporated in the experimental conditions. An additional

contribution to lattice disorder might be provided by the P iy = L2A Po, (4)
polydispersity of the colloidal spherg¢43—45. All these ef- Link

fects could further reduce the ability of a colloidal crystal to

sustain compression. whereP, is the total power of the direct beam abg,y, is a

characteristic length describing the strength of the diffrac-
tion. In a long-range ordered crystal=L and Py, grows
VL. DYNAMIC DIFFRACTION quadratically= L2 inside the single crystal. For amkl) re-
AND LONG-RANGE ORDER flection with diffraction vector,y the characteristic length

So far we have used the kinematic approach to describé given by Ly =[AnroZVF(q) 1™ [24], whererg
our results. However, in crystals possessing long-range ordef €°/(mc®) is the Thompson radius, is the number density
the x-ray diffraction can switch to the dynamic regifigf] ~ of the spheresZ is the excess number of electrons in the
due to coherent summation of many weak scattered waveeplloidal particle relative to an equivalent volume of solvent,
upon their propagation in a single crystal. Below we demon-and F(q) is the normalized scattering form factor. For the
strate a direct relation between the strength of the diffractiorstrong(110 reflections seen in Fig. 14 one can evaluate the
and the extent of the positional order. This phenomenorgharacteristic length{{7,=0.26 mm in a wet colloidal crys-
could thus be employed as an alternative approach to studgpl. Clearly, the sample thickneds=0.2 mm was compa-

the long-range order in colloidal crystals. rable to L‘(’"flto), so that the diffracted beams must signifi-
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‘ colloidal crystals. Development of appropriate theory is,
however, needed in order to exploit dynamic diffraction for a
1000 detailed quantitative characterization of the order parameters.

500 L |

200
100 I A In this work we present the analysis of the requirements
50 I needed to observe coherent x-ray diffraction in colloidal
crystals in a small-angle geometry. It is shown that in the
longitudinal direction, i.e., along the beam propagation direc-
tion, a reciprocal space resolution of the order &uj/kg
FIG. 15. (Color onling Three-dimensional plot of the central ~10 ° can be achieved, which is sufficient to detect the
part of a diffraction pattern measured without the beam stop in thgoresence of long-range positional order. The transverse reso-
dry crystal ¢=55 min). The exposure time iAT=0.05s. The lution of the setup was improved here to aboda/k,
small “ridge” in the background level is an artifact of the camera ~2a/k,=1.3x107°, i.e., a factor 5-10 better than previ-
caused by the intense direct bedoi. Fig. 3c)]. A similar but  ously reported19—24.
somewhat weaker effect can be also seen in Fig. 14. Furthermore, we have applied the high-resolution small-
angle x-ray diffraction technique to obserwesitu the modi-
cantly deplete the direct beam towards the end of the longfication of the crystal structure caused by capillary forces
range-ordered crystal. In an earlier pag@4] we have during drying. Broadening of the diffraction peaks is ob-
suggested that diffraction switches to the dynamic regime iserved already when the meniscus reaches the sediment. We
the long-range ordered wet colloidal crystals. Figure 14 proassociate this with a stress field originating from capillary
vides a direct confirmation of the dynamic character of dif-forces applied at the top of the sediment and elastically
fraction even at higher x-ray energi€tbs keV instead of 10 propagating down. When air penetrates into the sediment and
keV [23], the latter corresponding to a #:52.25 times a wet part of it is encapsulated by the solvent-air interface,
higher refractive index contrgst the stress crosses a critical value and the crystal breaks into
It is enlightening to compare the strength of the diffrac-many domains with slightly different orientations. All struc-
tion in the crystal after drying, when the extent of the posi-tural changes observed are induced by external stress fields
tional orderA is significantly shortened. Figure 15 shows thein the wet crystal and no change in its structure is detected
diffraction pattern measured in the dry sample at exactly thevhen it finally dries.
same position and the same orientation. After drying the con- We have also presented direct evidence of the dynamic
trast is enhanced by about 80% so that the power scatteredgime of x-ray diffraction in the long-range-ordered colloi-
by one silica sphere is more than three times larger andal crystal. However, the diffraction switches to tmearly)
L?{{O):O.M mm. However, the diffracted intensity is seen tokinematic regime when the long-range positional order is
significantly reduce, mostly due to shortening of the crystadestroyed. Our results indicate that the strength of the dif-
positional correlation lengtiA in Eq. (4), which significantly ~ fraction and its transition into the dynamic regime can be
overcompensates the shortenind.gf;). The pattern in Fig. used as an alternative approach to probe the extent of the
15 can be considered as an incoherent sum of kinematic difositional order in photonic colloidal crystals.
fraction patterns originating from small domains, which are
positionally uncorrelated with each other. ACKNOWLEDGMENTS
We also note that, despite the contrast enhancement, the
intensity of the direct beam was increased by about a factor This work was to a large extent inspired by Henk Lek-
of 2 so that a shorter exposure tidd was used to avoid kerkerker; his support and constructive criticism at all stages
detector saturation. In the dry crystal the absorption is pracwere essential. It is our pleasure to thank Xinyi Xian for her
tically unaffected since it is mostly originating from the enthusiastic help during the experiment. Alfons van Blaad-
silica spheres and the glass walls of the capillary. This reduceren, Willem Kegel, Arnout Imhof, Judith Wijnhoven, and
tion of the sample extinction is thus caused by the decreasé&/im Bras are thanked for fruitful discussions, and Nynke
of the diffraction strength. The results presented in Figs. 14/%rhaegh for particle synthesis. The Netherlands Organiza-
and 15 indicate that the strength of the diffraction and itstion for the Advancement of Resear¢€NWO) is acknowl-
transition into the dynamic regime can be used as an alteedged for providing us with the possibility of performing
native approach to probe the extent of the positional order imeasurements at DUBBLE.

VII. CONCLUSIONS

[1] W.G. Hoover and F.H. Ree, J. Chem. Ph48, 3609(1968. Rarity, and S. M Underwood, Phys. Rev. Lé&8, 2753(1989.
[2] P.N. Pusey and W. van Megen, Natufleondon 320, 340 [4] K. Schazel and B.J. Ackerson, Phys. Rev4B, 3766(1993;
(1986. B.J. Ackerson and K. Sckeel, ibid. 52, 6448(1995.

[3] P.N. Pusey, W. van Megen, P. Bartlett, B.J. Ackerson, J.G. [5] J. Zhu, M. Li, R. Rogers, W. Meyer, R.H. Ottewill, STS-73

031405-9



PETUKHOV et al. PHYSICAL REVIEW E 69, 031405 (2004

Space Shuttle Crew, W.B. Russel, and P.M. Chaikin, Naturg26] F.X. Redl, K.-S. Cho, C.B. Murray, and S. O’'Brien, Nature

(London 387, 883(1997). (London 423 968(2003.

[6] J.L. Harland, S.I. Henderson, S.M. Underwood, and W. van[27] N.A.M. Verhaegh and A. van Blaaderen, Langmu@, 1427
Megen, Phys. Rev. Let?5, 3572(1999; J.L. Harland and W. (1994; N.AM. Verhaegh, D. Asnagi, and H.N.W. Lek-
van Megen, Phys. Rev. &5, 3054(1997). kerkerker, PhysicdAmsterdam 264A, 64 (1999; E.H.A. de

[7] R.L. Davidchack and B.B. Laird, Phys. Rev. Le85, 4751 Hoog, L.I. de Jong-van Steensel, M.M.E. Snel, J.P.J.M. van
(2000. der Eerden, and H.N.W. Lekkerkerker, Langmuair, 5486

[8] zh. Cheng, P.M. Chaikin, J. Zhu, W.B. Russel, and W.V. (2002.

Meyer, Phys. Rev. Let88, 015501(2002. [28] E.H.A. de Hoog, Ph.D. thesis, University of Utrecht, 2001.

[9] J.P. Hoogenboom, A.K. van Langen-Suurling, J. Romijn, and[29] H. de Hek and A. Vrij, J. Colloid Interface S0, 592(1979.

A. van Blaaderen, Phys. Rev. Le®t0, 138301(2003. [30] M. Borsboomet al,, J. Synchrotron Radiag, 518 (1998.
[10] S. Auer and D. Frenkel, Phys. Rev. Ledfl, 015703(2003. [31] J.V. Sanders, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
[11] A. Yethiraj and A. van Blaaderen, Natufeondon 421, 513 Theor. Gen. Crystallog24, 427 (1968.

(2003. [32] N.A.M. Verhaegh, J.S. van Duijneveldt, A. van Blaaderen, and
[12] S. Pronk and D. Frenkel, Phys. Rev. L&, 255501(2003. H.N.W. Lekkerkerker, J. Chem. Phys02, 1416(1995.
[13] J.E.G.J. Wijnhoven and W.L. Vos, Scien2gl, 802 (1998. [33] WK. Kegel and J.K.G. Dhont, J. Chem. Phykl2 3431
[14] A. Blancoet al, Nature(London 405, 437 (2000. (2000.
[15] R. Rengarajan, P. Jiang, D.C. Larrabee, V.L. Colvin, and D.M.[34] Ch. Dux and H. Versmold, Phys. Rev. Let8, 1811(1997.

Mittleman, Phys. Rev. B4, 205103(2001). [35] J. Liu, D.A. Weitz, and B.J. Ackerson, Phys. Rev4g 1106
[16] Y.A. Vlasov, X.-Z. Bo, J.C. Sturm, and D.J. Norris, Nature (1993.

(London 414, 289 (2007). [36] V.C. Martelozzo, A.B. Schofield, W.C.K. Poon, and P.N. Pu-
[17] K.P. Velikov, C.G. Christova, R.P.A. Dullens, and A. van Blaa- sey, Phys. Rev. 66, 021408(2002.

deren, Scienc@96, 106 (2002. [37] S. Pronk and D. Frenkel, J. Chem. Ph%0, 4589(1999.
[18] R. E. PeierlsSurprises in Theoretical Physi¢Brinceton Uni-  [38] P.G. Bolhuis, D. Frenkel, S.-C. Mau, and D.A. Huse, Nature

versity Press, Princeton, NJ, 1978ee Chap. 4.1, pp. 85-91. (London 388 235(1997).
[19] W. Vos, M. Megens, C.M. van Kats, and P. Bosecke, Langmuir[39] A.J.C. Wilson, Proc. R. Soc. London, Ser180, 277 (1941);

13, 6004(1997. X-Ray Optic§¥Methuen, London, 1949
[20] J.E.G.J. Wijnhoven, L. Bechger, and W.L. Vos, Chem. Mater.[40] See http://www.chem.uu.nl/fcc/drying, where one can find

13, 4486(2001). auxiliary material for Sec. V such as the evolution of the dif-
[21] M. Megens and W.L. Vos, Phys. Rev. Le86, 4855 (2001J). fraction pattern and photos of the drying sample.

Note that the authors use scattering ve&erg/27. [41] M.D. Haw, M. Gillie, and W.C. Poon, Langmuit8, 1626
[22] H. Versmold, S. Musa, and A. Bierbaum, J. Chem. Ph{§ (2002.

2658(2002. [42] J.M. Polson, E. Trizac, S. Pronk, and D. Frenkel, J. Chem.
[23] A.V. Petukhov, D.G.A.L. Aarts, I.P. Dolbnya, E.H.A. de Hoog, Phys.112, 5339(2000.

K. Kassapidou, G.J. Vroege, W. Bras, and H.N.W. Lek-[43] D.A. Kofke and P.G. Bolhuis, Phys. Rev.3®, 618(1999.

kerkerker, Phys. Rev. Let&8, 208301(2002. [44] W.G.T. Kranendonk and D. Frenkel, Mol. Phy32, 679
[24] A.V. Petukhov, I.P. Dolbnya, D.G.A.L. Aarts, G.J. Vroege, and (1991).

H.N.W. Lekkerkerker, Phys. Rev. Lef0, 028304(2003. [45] S.R. Williams, I.K. Snook, and W. van Megen, Phys. Rev. E
[25] A.F. Routh and W.B. Russel, Langmdiib, 7762 (1999. 64, 021506(2001).

031405-10



