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An experimental setup combining full-field transmission X-ray microscopy (TXM) and microradian X-ray

diffraction (mradXRD) is tested for the in situ study of self-organization of colloidal dispersions of

anisotropic particles. Averaged structural information of the samples is determined by mradXRD and local

morphology is determined by TXM. Utilization of hard X-rays (12.2 keV) and the ease of switching from

diffraction mode to microscopy mode makes such a setup a unique tool, especially for the study of opaque

colloidal systems. We demonstrate diffraction patterns together with real space images of the following

morphologies: smectic structures in the sediment of colloidal silica rods, the reorientation of a smectic

phase of goethite particles in an elevated magnetic field and an interface region between isotropic and

ordered phases in a dispersion of colloidal hematite cubes.

1 Introduction

Great efforts in nanoscale science and technology nowadays
are focused on the fabrication of functional materials and
devices in which the building blocks and their spatial
arrangement are engineered down to the nanometre level.
Self-assembly of colloids of various shapes governed by
complex interactions is an enormous resource for the creation
of new functional nanomaterials. For instance, self-assembly
allows for constructing novel metamaterials with unprece-
dented optical, magnetic, electronic, mechanical and rheolo-
gical properties.1–7

Detailed characterization of the long-range periodic order
and the structure of local defects in these new materials are
inevitable for further progress in applications. Small-angle
scattering is a well-established technique to yield ensemble-
averaged information on the spatial correlations and long-
range order.8–12 Direct-space imaging is complementary to
scattering because it reveals the local structure of materials
and can confirm an interpretation of the scattering data.
Common direct-space techniques for colloidal systems study
are electron microscopy and (confocal) optical microscopy.13,14

These have numerous benefits along with obvious limitations,
especially for the in situ studies of (wet) colloidal systems.

Transmission and scanning electron microscopy (TEM/
SEM) provide very high resolution but are essentially ex-situ
and limited to either very thin samples (TEM) or surface
imaging only (SEM), since the depth of penetration of
electrons is very short. Conventional optical microscopy and
laser scanning confocal microscopy give information about
local structures and dynamics in colloidal systems in situ.15

The weak point of optical microscopy is its limited resolution
(at best 250–300 nm), which strongly reduces the range of
applications. A partial solution is provided by several super-
resolution optical microscopy techniques that go beyond the
diffraction limit.16–18 However, these optical methods require
high transparency of the samples, close matching of particle-
solvent refractive indexes and fluorescent labelling. Such
requirements are difficult to meet for a wide range of systems
like infiltrated photonic crystals or opaque samples.

X-rays is able to fill the gap between electron and optical
microscopy. Their shorter wavelength lift restrictions related
to diffraction limitations. Their higher penetration power is
advantageous in comparison with electron microscopy, espe-
cially for in situ studies in wet systems.19–23 X-rays can be used
for practically all materials and they do not require index
matching or fluorescent labelling. An X-ray microscopy setup
requires specific optical elements. One of the options is to use
Fresnel zone plates as the focusing elements for soft X-rays
with energy close to the absorption edge of one of the elements
present in the system. The microscopy scheme can be realized
in scanning mode – so called scanning transmission X-ray
microscopy (STXM)24–26 or in full-field mode (TXM).27,28 With
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modern Fresnel zone plates one can achieve element-specific
imaging with a resolution on the order of about 10 nm in
STXM and in TXM.29 Nevertheless, the penetration depth here
is usually limited to tenths of micrometres, which is
advantageous in comparison to electron. microscopy but still
insufficient for bulky, highly adsorbing samples. Resent
advances in applications of Fresnel zone plates for the hard
X-ray microscopy are given in ref. 30. A ‘‘lensless’’ imaging
technique of coherent diffraction imaging (CDI)31,32 relies on
the phase rather than absorption contrast and can therefore be
directly implemented for X-rays with higher photon energy
providing a larger penetration depth. However, it requires
finite-sized sample objects and the image reconstruction
involves complex algorithms with still limited reliability.

In this work we apply full field transmission hard X-ray
microscopy33 for the in situ imaging of self-assembled colloidal
structures in thick (up to 200 microns) wet samples. The setup
consists of two sets of compound refractive lenses (CRL)34,35

for beam focusing (condenser) and for projecting a magnified
image of the sample on a 2D detector (objective). The setup
can be easily switched from microscopy to diffraction
mode11,36,37 simply by moving the objective CRL out of the
beam. We demonstrate that access to both direct and
reciprocal space yields complementary structural information
for colloidal self-assembled structures.

2 Experimental

2.1 Transmission X-ray microscopy and mradXRD

The X-ray microscopy experiments were performed at the
Micro-optics Test Bench installed at the beam line ID06 at the
European Synchrotron Radiation Facility (ESRF) in Grenoble. A
schematic drawing of the setup is shown in Fig. 1. The
experiments were performed at an X-ray energy of 12.2 keV
which was selected by a silicon double crystal monochromator
with a bandwidth of Dl/l y 1024. The samples were placed at
57.7 m from the source and 2D detectors were placed at 65.5

m. The switching of the setup between diffraction and imaging
mode was done by changing the number of refractive lenses in
the beam and selecting the appropriate detector. All CRLs and
detectors in our setup were installed on motor controlled
stages which allowed the switching between modes in a few
seconds.

For the diffraction mode the (condenser) CRL consisted of 8
beryllium parabolic lenses with a radius of the parabola apex
of 300 mm and one lens with a radius of the parabola apex of
1000 mm. This CRL focused the X-ray beam at a CCD detector
(Photonic Science VHR 1 6 1), with a 9 6 9 mm2 pixel size and
dimensions of 4008 6 2671 pixels. The beam spot size at the
sample was 200 6 200 mm2.

For the imaging mode additional CRLs were moved into the
beam. One set of CRLs for focusing the beam at the sample
was inserted at 38.7 meters from the source (not shown in
Fig. 1) providing a beam spot size of 50 6 50 mm2 at the
sample. Another CRL consisting of 35 beryllium lenses, with a
radius of the parabola apex of 50 mm was inserted at 30 cm
after the sample as the objective. A high resolution CCD
detector ESRF FReloN 2000 with 0.56 6 0.56 mm2 pixel size
and dimensions of 2048 6 2048 pixels was employed for the
imaging mode. This configuration provides a magnification
about 22 as was estimated from the geometry of the setup and
confirmed by measurements on a tungsten calibration grid.
The spatial resolution of our microscopy setup we estimated
by resolving structure of the Tantalum Siemens star with a
pitch of 100 nm and thickness of 0.5 mm.

2.2 Particle synthesis

2.2.1 Silica rods (Samples R1 and R2). Silica rod-like
particles (Fig. 2A) were synthesized following a method
published earlier.38 To a solution of polyvinylpyrrolidone
(PVP) in pentanol a mixture of ethanol, water, sodium citrate
was added, resulting in an emulsion. From the emulsion
droplet, silica rod-like particles were grown upon the addition
of tetra-ethyl orthosilicate (TEOS) resulting in a bullet-like
particle shape (Fig. 2A). The particle length L and diameter D
were characterized by TEM and the data are shown in Table 1.
For the experiments, particles were concentrated to volume

Fig. 1 Schematic representation of the mradXRD and theTXM setups. The extended version is presented in the ESI.3
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fractions of y10–30 vol% in water and placed in 100 mm long
flat glass capillaries (Vitrocom RT5015) with internal dimen-
sions of 0.05 mm by 1.0 mm. The capillaries were flame sealed.
Studies were performed in the bottom part of the capillaries,
where close packing of particles was achieved due to
sedimentation.

2.2.2 Goethite dispersion (Sample B1). Goethite (a-FeOOH)
particles were obtained by hydrolysis of iron nitrate at high
pH, details on the synthesis can be found in.39 In short, 1 M
NaOH was added dropwise, under stirring, to a 0.1 M Fe(NO3)3

solution until a pH of 11–12 was reached. The precipitate was
aged for 9 days at room temperature. Particles with a board-
like shape were obtained and concentrated in water to a
volume fraction of 12%. In Fig. 2B a TEM image and schematic
picture of the particles are shown. The length L, width D and
thickness T together with standard deviations for the length sL

and for the width sD were determined from TEM and
summarized in Table 1. The samples were placed in 100 mm
long flat borosilicate capillaries with internal dimensions of
0.2 mm by 4.0 mm. The capillaries were flame sealed or closed
with two-component epoxy glue (Bison Kombi rapide) and
kept in a vertical position to allow the establishment of a
sedimentation equilibrium profile.

2.2.3 Silica coated hematite cubes (Sample C1). Colloidal
hematite (a-Fe2O3) cubes were prepared from a condensed
ferric hydroxide gel and coated with an amorphous silica shell
as described in detail elsewhere.2,3,40 In brief, hematite cubes
with a typical edge length of 519 nm were prepared from a 2.0
M FeCl3?6H2O solution which was slowly mixed with a 6.2 M
NaOH solution to a pH of 14 and aged for 8 days at 100 uC. The
cubes were coated with a 67 nm silica layer according to the
Stöber method resulting in a particle edge length of 652 nm
(Table 1).41 The silica layer can be seen on the TEM image as
the lighter grey edge around the cubes in Fig. 2C. The particles
were transferred to ethanol and concentrated to volume
fractions of y5 v%. For the X-ray measurements flat

borosilicate rectangular capillaries (internal cross section of
0.2 mm by 4.0 mm) were used, the same as for Goethite
dispersions. Crystal formation in the samples was observed in
the sediment within 1 day of sedimentation, indicated by
distinct Bragg reflections. For sedimentation in a magnetic
field, the samples were redispersed by repeated manual
tumbling and 5–10 min ultrasonic treatment. Then samples
were placed in a magnetic field of 24 mT for at least 12 h until
the presence of crystalline sediment was observed.

3 Results and discussion

Colloidal dispersions in capillaries were subjected to a gravity
field in order to establish a sedimentation equilibrium profile.
For goethite and hematite particles an external magnetic field
was also applied to orient the self-assembled structures.
Different liquid crystal phases were found over the length of
capillaries. The averaged morphology of the structures formed
was first examined by mradXRD to locate regions of interest
and to estimate characteristic periodicities. The regions were
then investigated with TXM to get insight into the local real-
space morphology of the samples and to clarify the structure.

3.1 Silica rods

In Fig. 3A a diffraction pattern from the bottom part of the
silica rods sample with L = 940 nm and D = 300 nm is shown
(sample R1). The pattern is characteristic for smectic ordering
of the particles. The vertical set of sharp peaks in the low
q-range; at q1 = 0.0061 nm21, q2 = 0.0122 nm21 and q3 = 0.0178
nm21, originate from the smectic periodicity. Their q-values
are related as 1 : 2 : 3. The smectic period was found to be 2p/
q1 = 1030 nm, which is comparable to the averaged particle
length L of 940 nm. The vertical peaks are much broader in the
azimuthal direction than in the radial direction, indicating a
strong variation in the orientation of the smectic layers while
keeping the smectic period fixed. In the horizontal direction of
the diffraction pattern, a set of broader peaks is observed.
Peaks at q1 = 0.0177 nm21 and q2 = 0.0305 nm21 originate
from the ordering of rods within the smectic layers. These
q-values are related as 1 : !3, which points to an only short-
range hexagonal arrangement of the rods within the smectic
layers.

The TXM image of the same region (Fig. 3B) supports the
interpretation made on basis of the diffraction data. The

Fig. 2 TEM images and schematic representation of the studied colloidal systems: A) silica rods, B) goethite board-like particles and C) hematite cubes.

Table 1 Overview of particle dimensions of the different colloidal systems

System L (nm)
sL

(%)
D
(nm)

sD

(%)
T
(nm) L/D

vol
(%)

Silica Rods – R1 940 6 300 12 — 3.1 23
Silica Rods – R2 1950 7 250 11 — 7.7 12.8
Goethite Boards – B1 282 35 68 32 y25 4.1 12.4
Hematite Cubes – C1 652 7 — — — —
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interlayer smectic periodicity and the strong in-plane posi-
tional correlations between the particles are clearly visible.
One can also observe variations in the orientation of the
smectic layers. The Fourier transform of the TXM image is
shown in the inset and corresponds well to the diffraction
image. It has to be noted that in the used 2D discrete Fourier
transform the signal function was assumed to be periodic in
both directions which caused artifacts like bright lines along
the spectrum’s axis.

In Fig. 4A a mradXRD pattern of a smectic phase formed in a
dispersion of silica rods with length L = 1950 nm and diameter
D = 250 nm is shown (sample R2). Peaks in the low q-region at
q2 = 0.0056 nm21, q3 = 0.0083 nm21, q4 = 0.0112 nm21 and q5 =
0.0140 nm21 are related as 2 : 3 : 4 : 5 and originate from the
smectic ordering in the system with a periodicity of 2.24 mm.
The first-order peaks are hidden behind the beamstop. The
broad peak at q1 = 0.0168 nm21 originates from liquid-like
ordering of the rods within smectic layers. The diffraction
peaks originating from correlations in length are not exactly

orthogonal to the peaks originating from correlations between
neighboring particles within the smectic layers. This implies
that this system possessed a smectic-C phase,42 in which the
rods within the layers were inclined at an angle of y12u with
respect to the layer’s normal.

In Fig. 4B the TXM image is shown, it illustrates the
morphology of the system in real space and includes the
inclination of the rods to the layer normal. The Fourier
transform of the image in the inset of Fig. 4B is identical to the
diffraction pattern and demonstrates the great correspon-
dence between the local real-space structures observed with
TXM and the much more averaged long range morphology
probed by mradXRD. Further real space analysis of these
samples with quantitative confocal microscopy on a single rod
level is also in accordance with the X-ray results presented here
and are given in ref. 43.

Fig. 3 A) mradXRD pattern and B) TXM image of a smectic phase formed in the sediment of silica rods R1 with the aspect ratio of 3.1. In panel A the scattering
intensity is shown on a logarithmic scale within one decade using the false colour table shown. The corresponding I(q) profiles are presented in the ESI.3 The image in
B exploits monochrome linear intensity scale. White scale bar in B) indicates 3 mm. The inset in B) presents a Fourier transform of the image; vertical and horizontal
stripes are the artefacts of the transformation.

Fig. 4 A) mradXRD pattern and B) TXM image with corresponding FFT on the inset, of a smectic-C phase in the sediment of silica rods R2 with aspect ratio 7.7. Scale
bar in B) indicates 3 mm. See caption of Fig. 1 for colour encoding.
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3.2 Goethite boards

A system which is very appealing for study with a combined
TXM/mradXRD method is a dispersion of colloidal goethite
board-like particles. This system is opaque and hard to index
match. Moreover, it has dimensions significantly smaller than
the previous anisotropic model system, making it unsuitable
for studies with conventional microscopy methods and there-
fore commonly investigated with X-ray scattering techniques.
It was found that these board-like particles can form various
liquid crystal phases, such as nematic, smectic and columnar,
depending on the particle aspect ratio, polydispersity and
concentration in solution.44,45 The particles possess a perma-
nent magnetic moment along their long axis L, together with
an induced magnetic moment along the shortest particle axis
T. Thus, when a weak external magnetic field is applied the
particles orient parallel to the magnetic field and upon
increasing the field the particles reorient perpendicular to
the field.46 It has also been found that phase transitions occur
at elevated fields.47–49

Here we study the behaviour of sample B1 subjected to a
magnetic field. When a small magnetic field of about 200 mT
is applied, the particles orient along the field and the smectic
phase becomes highly oriented. With mradXRD average
qualitative and quantitative information on the structure
within the sample was obtained. In Fig. 5A the diffraction
pattern of the sample in a horizontally oriented field of 200 mT
is shown. Three sharp peaks at small angles (q1 = 0.0165 nm21,
q2 = 0.0331 nm21 and q3 = 0.0497 nm21) in the horizontal
direction are related to each other as q1 : q22: q3 = 1 : 2 : 3 and
originate from the smectic layering formed in the system. The
horizontal orientation of the peaks indicates that the smectic
layer’s normal is oriented along the field direction. In the
vertical direction a broad peak at q = 0.0800 nm21 is present
due to liquid-like ordering of particles within the smectic
layers. A broad horizontal peak at q = 0.0954 nm21 indicates
that the magnetic field was strong enough to also reorient
some particles perpendicular to the field direction.48

The corresponding TXM picture is shown in Fig. 5B. The
period between the vertical lines is about 380 nm, which is in
agreement with the average smectic spacing obtained from

diffraction 2p/q1 = 381 nm. In the inset of Fig. 5B the Fourier
transform of the TXM image is shown which corresponds
qualitatively and quantitatively well to the diffraction pattern.
Unfortunately, individual particles within the layers cannot be
resolved with TXM, because the inter-particle spacing was on
the order of 70 nm, which is close to the resolution limit of our
setup. Moreover, since thick samples were studied, the
projection of many particles with short range ordering smears
out images of the individual particles.

When the magnetic field was increased above 280 mT, the
particles reoriented from parallel to perpendicular to the field.
This is clearly seen in Fig. 6B, where a TXM pattern of the
resulting structure is shown. In the diffraction pattern (Fig. 6A)
only one sharp horizontal peak at low q = 0.0165 nm21 is
present without any sign of the higher order peaks and a very
intense broad peak at the same q value appears in the vertical
direction. All this proves the reorientation of the smectic
layers. The layers now possessed undulations as the long-range
order was lost and the particles actually seem to have partly
rearranged into a columnar phase. Four peaks at q = 0.064
nm21 and two peaks at q = 0.093 nm21 can be observed.

In Fig. 6B the TXM image is shown and the morphology of
the sample is visualized in real space. Here, the layers are
rotated by 90 degrees and form undulating ribbon-like
structures. When compared to Fig. 4B it is clear that the
perfect ordering of the smectic layers has disappeared. The
Fourier transform of the image (Fig. 6B inset) matches the low
q region of the diffraction pattern.

Although the mradXRD shows the presence of multiple
domains and a columnar phase in the sample, here the TXM
gives more insight into the local morphology of the system.
This is a good example why a combination of the two
techniques is important in obtaining the ‘complete’ picture.

3.3 Hematite cubes

The suitability of the combined techniques for in situ study
became most evident in the study of sedimented silica-coated
hematite cubes in a magnetic field. These iron oxide cubes
possess a magnetic moment and align in the horizontal
magnetic field. The particles have rounded corners and can be
described by a so-called superball model |x1|m + |x2|m + |x3|m

Fig. 5 Highly ordered smectic phase of goethite rods with aspect ratio (L/D) 4.1 aligned in an applied magnetic field of 200 mT: A) the mradXRD pattern (the
corresponding I(q) profiles are presented in the ESI3), B) the TXM image at the same position with corresponding FFT in the inset. Scale bar in B) indicates 3 mm. See
caption of Fig. 1 for colour encoding.
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¡ 1. From an analysis of TEM images of individual particles it
was found that m = 3.2. As was predicted in simulations50 the
optimal packing of such particles is not a simple cubic
structure but a distorted face centred cubic (FCC) lattice-C1

phase.
With mradXRD measurements we have found three different

domains represented by isotropic, square and hexagonal
patterns. In Fig. 7A a mradXRD pattern which we assigned to
the simple cubic phase is shown. Sharp peaks from the cubic
ordering (see model structure in the inset) with a typical
spacing of 580 nm are present. In Fig. 7B the interface between
an isotropic phase and a cubic phase is visualized by TXM (FFT
of the image is shown in the inset). Good contrast of the image
in the cubic phase region points towards a high degree of
ordering of the sample along the beam. The ordered cubic
domains were present along the whole width (4 mm) of the
capillary at fixed height. In the vertical direction it spans
approximately the whole TXM image which is about 50 mm.
The Fourier transform of the TXM image (inset Fig. 7B)
corresponds to the mradXRD pattern (Fig. 7A).

A hexagonal-type arrangement appeared below the cubic
phase in the capillary. In Fig. 8 the mradXRD pattern (A) with a
simulated structure (inset Fig. 8A) and TXM image (Fig. 8B)
with its Fourier transform (inset Fig. 8B) are shown. The
simulated C1 structure provides a similar distribution of peaks
in q-space corresponding to the measured mradXRD pattern,
which confirms the formation of this phase.

4 Conclusions

We have shown that full field transmission X-ray microscopy is
a very suitable technique for the in situ study of self-assembled
colloidal systems. Using both mradXRD and TXM we have
studied self-assembled structures formed in dispersions. The
local morphology of a smectic phase formed in dispersions of
micron-sized silica rods could be visualized in real space by
the TXM technique. This includes variation in the orientation
of the smectic layers while keeping the smectic period fixed

Fig. 6 Reoriented smectic phase in the increased magnetic field 280 mT: A) the mradXRD pattern; B) TXM image with corresponding FFT in the inset. Scale bar in B)
indicates 3 mm. See caption of Fig. 1 for colour encoding.

Fig. 7 Interface region in sedimenting colloidal hematite cubes in a small magnetic field 25 A) mradXRD pattern of cubic phase (The corresponding I(q) profiles are
presented in the ESI3) with simulated structure on the inset B) TXM image and with corresponding FFT on the inset. Scale bar in B) indicates 3 mm. See caption of Fig. 1
for colour encoding.
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and a 12 degree inclination of the particles to the smectic
normal within the smectic layers. For the significantly smaller
goethite board-like particles a better understanding of the
reorientation behavior of the smectic phase, in a high
magnetic field, was obtained, clearly demonstrating the
complementary information obtained by both techniques:
TXM reveals the zig-zag pattern of the reorienting smectic,
while only mradXRD reveals the simultaneous formation of a
columnar phase. The most prominent example is the
visualization of the cubic phase at the order–disorder interface
formed by sedimented hematite cubes and the appearance of a
C1 phase below it. It is important to highlight that the study of
the interface in real space was done without any special
sample modifications.

The results clearly illustrate that the hard X-ray TXM
technique has great potential for in situ studies of colloidal
self-assembly. The combination of the direct-space imaging
and microradian diffraction is able to provide a wealth of
information on their local structure (imaging) and the long-
range periodic order (diffraction). Future possible applications
of the technique include time-resolved studies of the crystal-
lization dynamics, response of the colloidal assembly to
external stimuli such as mechanical strain, temperature jump
or temperature gradient as well as external fields.
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