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Antiferromagnetic MnO was synthesized within a mesoporous matrix MCM-48 with a gyroidal system of
channels. Synchrotron radiation studies reveal that the embedded nanoparticles have a ribbonlike shape and a
length of about 53�3� Å. The peculiar diffraction line shape shows the loss of long-range atomic order. In spite
of positional disorder, a transition from a cubic structure to a rhombohedral one, similar to the transition known
for the bulk, is observed.
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The physics of nanostructured compounds is now a very
active field of research. The properties of matter confined to
nanometer scale porous media differ from those of the bulk,
stimulating studies of such composite materials.

Some years ago we started a systematic investigation of
structure and magnetism in the classic antiferromagnet man-
ganese oxide �MnO� confined to different porous media:
within a Vycor-type glass matrix with a random network of
pores1 and within MCM-41 type matrices with a regular sys-
tem of nanochannels.2–5

During the past decade a new silicate mesoporous matrix
MCM-48 with remarkable properties was synthesized.6 This
matrix is marvelous because the channels piercing its amor-
phous silica body comply with the symmetry of the cubic
space groups.7,8 The channel wall surface exactly follows the
so-called periodic minimal surface, forming a double gyroi-
dal mesostructure with a three-dimensional network of chan-
nels running along �100� and �111� directions �see Ref. 9�.
The system of channels forms two enantiomeric, bicontinu-
ous, branched, self-intersecting volumes separated by an in-
finite wall �Fig. 1�a��.

Gyroidal structures are known in binary water-lipid sys-
tems, diblock copolymers, biological objects and others,
where surfactant mesophases with a minimal surface appear
under special conditions. The specific shape of the me-
sophase surface results from the balance between the inter-
facial energy, which favors a surface with constant minimal
curvature and the stretching energy, which favors a planar
surface. The simple example of such a mesophase is a thin
surfactant layer in the self-arranged mixture of oil and
water.10

Among the known mesostructured matrices, MCM-48
channel structure is perhaps the most complex one and at-
tracts much attention.11 The large pore volume, high specific
surface area and chemical inertness, together with the or-
dered high-symmetrical system of channels make this matrix
quite promising for many applications. Nothing is known
about the physical properties of materials confined within
such a matrix.

In the present paper we report the study of the structure of

MnO synthesized within the matrix MCM-48, using syn-
chrotron radiation diffraction. The results are compared with
results about MnO synthesized within the matrix MCM-41
with a system of parallel channels. Both matrices have the
same channel diameter but different topologies.

Experimental details. The host matrix MCM-48 with a
gyroidal system of channels was prepared by hydrothermal
synthesis in the presence of structure-directing agents: cetyl-
trimethylammonium bromide, Triton® X-114, and sodium
silicate as a silica source in a autoclave at 100 °C for 24 h.12

The channel diameter was measured by the N2 adsorption/
desorption method at 77 K using Tristar 3000 Micromeritics
facility and was found to be 33�3� Å.

To compare the properties of confined nanoparticles in
different topologies, the matrix MCM-41 with a channel di-
ameter of 35 Å was prepared by the standard technology.13

Manganese oxide was crystallized within the channels of
both matrices by the �bath deposition method.”

High-resolution x-ray diffraction experiments were per-

FIG. 1. �a� 3D-bicontinuous, branched, self-intersecting gyroidal
system of channels �from Ref. 7�; �b� low-angle x-ray diffraction
pattern from the MCM-48 matrix. Bars mark the reflection
positions.
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formed at the beam-station ID31 of the European Synchro-
tron Radiation Facility with a wavelength of 0.500 Å. To
avoid preferred orientation effects, the powder samples
sealed in 1 mm diameter quartz capillaries were rotated con-
tinuously during the experiment. An Oxford Instruments
continuous flow cryostat was used.

Results and discussion. In Fig. 1�b� the diffraction pattern
measured at low angles is shown. It is consistent with the
diffraction patterns presented in recent reports.7,8

The observed reflections can be indexed in the space

group Ia3̄d, specific to the gyroidal system. In the x-ray dif-
fraction pattern of the carbon replica of the MCM-48 channel
system, the 110 reflection, indicative of the space group
I4132 without inversion center, was observed.14 The width of
the 110 reflection was similar to the width of the 211 reflec-
tion but the 110 reflection was twice stronger.7,14 In the
present case, the 110 reflection seems to be absent, as shown
in Fig. 1�b�, where we have indicated its expected position.
However, we cannot fully ascertain it, due to the reduction of
the beam by the beam-stop screen.

The profile analysis yields the value of the unit cell pa-
rameter of the channel lattice a0=79.70�5� Å. From the
broadening of the 211 peak the diffraction correlation length
was evaluated to 310�5� Å. Note that for the matrix
MCM-41 with close channel diameter the corresponding dif-
fraction correlation length deduced from the broadening of
the 10 peak from a hexagonal lattice2 was evaluated to
233�3� Å. It means that the gyroidal system is “more per-
fect” than the system with parallel channels.

X-ray patterns measured for the matrices MCM-41 and
MCM-48 are shown in Fig. 2. The observed Bragg reflec-
tions result from MnO crystallized within the channels, while
the diffuse background originates from the silica host matrix
and some amount of amorphous MnO.3

There are some remarkable differences and similarities in
these two profiles. First, the large difference in the diffuse
background is readily explained by the different ratio of the

voids to the total volume of the silica matrix and the different
amounts of amorphous MnO. Second, an asymmetric “saw-
tooth” line shape is observed in both patterns, reflecting the
two-dimensional character of the MnO lattice, namely, the
ribbonlike shape of the embedded nanoparticles.2,15 This pro-
file is well known in powder diffraction from layers or dif-
ferent adsorbates on graphite.16–18

At the Néel temperature �TN� of 117 K the bulk MnO
undergoes a first order phase transition, accompanied by the
onset of long-range antiferromagnetic ordering and a rhom-
bohedral distortion of the cubic lattice.19 In contrast, a sec-
ond order transition with the enhanced Néel temperature was
observed in all cases of confined MnO.1,4

We notice that in one peculiar case, namely, in MnO con-
fined to the matrix MCM-41 with 35 Å channel diameter, the
rhombohedral distortion, which appears at the Néel tempera-
ture of 120 K, suddenly disappears below about 40 K, show-
ing a new phase transition.5 In MnO confined within the
matrix MCM-48, the temperature evolution of the line shape
of the 220 Bragg reflection demonstrates a splitting, which
corresponds to the rhombohedral distortions of a cubic lattice
exactly as in the bulk, without any new phase transition
�Fig. 3�. To calculate the temperature dependences of the
splitting and the angle of the rhombohedral distortion it is
necessary to describe the experimental line shape.

In the matrix MCM-41 with a system of parallel channels
the peak asymmetry is different for different reflections, re-
flecting the strongly anisotropic shape of the embedded
nanoparticles �Fig. 2�a��. In particular, the line shape of the
200 reflection is well described by the pseudo-Voigt function
V=0.81L+0.19G, where L and G are the Lorentzian and
Gaussian contributions, respectively �Fig. 4�a��.

The Rietveld profile analysis of the pattern shows that the
contribution to the peak broadening from the inner stresses is
negligible. The evaluation of the nanoparticle length �maxi-
mal dimension� from the peak broadening gives the value of
260�4� Å.

A very different line shape is observed in the matrix

FIG. 2. X-ray diffraction patterns of MnO confined within the
matrices MCM-41 �a� and MCM-48 �b� �here the intensity was
multiplied by a factor 6� measured at room temperature. Bars mark
the reflection positions.

FIG. 3. Fragments of x-ray diffraction patterns around 220 re-
flection from MnO within the matrix MCM-48 at 10 K �a� and
130 K �b�. Two profiles in thin lines correspond to deconvolution of
the resulting profile. Thick solid line through the experimental
points is a fit with an exponential law �see text�.
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MCM-48 with the gyroidal channel system �Fig. 4�b��. Ob-
viously, a line shape with a sharp maximum cannot be de-
scribed by the pseudo-Voigt function. Note that the instru-
mental linewidth in synchrotron radiation experiments is
vanishingly small.

By comparing the peak “breadth,” defined as the ratio of
the integrated intensity to the peak amplitude20 for the ma-
trices MCM-41 and MCM-48, one can estimate the maximal
length of the nanoparticles confined within the matrix
MCM-48 to 53�3� Å. This value is close to the evaluation by
the Rietveld profile analysis performed for the high-angle
pattern �starting from reflection 311�, assuming a Lorentzian
line shape.

It turns out that the length of 53�3� Å for the nanoparticle
confined to the matrix MCM-48 is close to the distance be-
tween two nearest branching points �marked in Fig. 1�a� by
crosses�, which in our case is equal to a0 /�2=56.3 Å. It
means that the crystallization of MnO nanoparticles com-
pletes around these points. So, in the gyroidal system of the
channels there is a natural upper limit for the nanoparticle
length.

Since the length of a confined nanoribbon is fixed by the
branching points, it should be sensitive to the channel diam-
eter due to high symmetry of the gyroidal channel system
with a rigid geometry. The observation of a sharp line shape
means a very narrow distribution of nanoribbon lengths and
suggests that there is no wide distribution of the channel
diameters.

The transverse dimension of the embedded nanoribbons
cannot be larger than the channel diameter of 33 Å in the
matrix MCM-48. We numerically calculated the diffraction
profiles by the Debye formula2 for two nanoribbons with
dimensions of 50�30�5 Å and 50�30�20 Å, which
limit all reasonable dimensions, since the unit cell parameter
for MnO is 4.44 Å. Because the Debye formula includes the

powder averaging and the instrumental linewidth is very
small, the calculated curves �marked as 1 and 2 in Fig. 4�b��
can be immediately compared with experiment. This com-
parison shows that the experimental profile cannot be de-
scribed in the frame of the standard diffraction from a regular
lattice.

It can be rigorously shown that in the two-dimensional
�2D� lattice, long-range positional order is impossible.21 On
the other hand, there are many examples of partially disor-
dered structures giving rise to Bragg-like peaks in the x-ray
diffraction patterns. Shining examples are the diffraction
from monolayers of rare gases adsorbed on graphite16–18 or
the diffraction from a smectic liquid crystal,22 where the dif-
fraction line shape is described in the frame of phonon
mechanism, which destroys the atomic periodicity in the
low-dimensional lattices.

For such a mechanism the pair correlation function can be
described as23 �U�R� ,U�0���R−�. Here U�R� is the devia-
tion of an atomic position from its average lattice position R.
Such a dependence, known as the algebraic decay of corre-
lations, leads to the scattering function S�Q��	Q−q	−2+�,
which well describes the peak “tails” in the vicinity of a
Bragg reflection with a momentum transfer q, while the “di-
vergence” at Q=q is removed by the finite-size effect.18,24

The scattering function S�Q�, measured in powder diffrac-
tion experiment results from the power averaging of all pos-
sible orientations of the vector q. This averaging depends on
the dimensionality of diffracting objects. However in the
case of the algebraic decay of correlations, the power law
still plausibly fits the tails of the line shape.18

Since the phonon mechanism is temperature dependent,
the line shape is expected to evolve with temperature. How-
ever we did not observe any change of the line shape in the
temperature interval 10–300 K. A fit of the experimental
profile with a power law �after 2D powder averaging� or by
the sum of two profiles resulting from the power law line
shape and the Lorentzian line shape, which correspond to
partially ordered and fully disordered phases, respectively, as
was proposed in Refs. 17 and 18 was not successful. The
best fit is shown in Fig. 4�b�, curve 3. The peak asymmetry
due to the ribbonlike form of nanoparticles was taken into
account by different � values at Q�q and Q�q.

Surprisingly, an excellent fit of S�Q� around the Bragg
position can be achieved with an exponential law, namely,
S�Q��exp�−	Q−q 	�� �the thick line through the experimen-
tal points in Figs. 3 and 4�b��. As before, different values of
� at Q�q and Q�q were used, namely, 21.86 and 9.5 Å for
the 200 reflection, respectively.

Two important conclusions follow. First, the embedded
anisotropic nanoparticles are so small that they cannot be
considered as objects with a long-range ordered lattice. Our
results suggest that short-range positional order is an intrin-
sic feature of small confined nanoparticles. Note that the
presence of extended structural defects in the nanoparticles
of gold with 3 nm size suspended in water was recently con-
firmed by x-ray diffraction and computer simulation.25

Using the exponential law to fit the experimental profiles
�Fig. 3� we calculated the angle of the rhombohedral distor-
tion in function of temperature �Fig. 5�a��. It is seen that the

FIG. 4. �a� Profile of the 200 reflection from MnO confined
within the matrix MCM-41 measured at 130 K. Thin solid line cor-
responds to a fit with pseudo-Voigtian. �b� Profiles of the 200 re-
flection from MnO confined within the matrix MCM-48 measured
at 130 K. Open circles: experiment, solid line through the experi-
mental points is a fit with an exponential law; solid lines: �1� a
numerical calculation for the ribbon of 50�30�5 Å; �2� a numeri-
cal calculation for the ribbon of 50�30�20 Å, �3� a fit with a
power law. Overbars mark the reflection position.
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distortion in MnO confined within MCM-48 channels shows
a usual temperature dependence: it appears at the Néel tem-
perature and gradually increases with decreasing tempera-
ture, exactly as in the bulk.

In these calculations we used a unit cell parameter derived
from the position of the non-split 200 reflection �Fig. 5�b��.
Similar to the bulk, the lattice parameter decreases with de-
creasing temperature �Fig. 5�. The anomaly at the Néel tem-
perature observed in the bulk is explained by the difference
in the next-nearest-neighbors correlation above and below
TN.26,27 We did not observed such anomaly in the anisotropic
MnO nanoparticles confined within the channel type
matrices,2 whereas we observed it in the isotropic MnO
nanoparticles confined within a porous glass.1 It means that
spin correlations are very sensitive to the shape of the con-
fined nanoparticle.

The difference in the absolute values of the lattice con-
stants for the bulk and confined MnO is readily explained by

the ribbonlike shape of the embedded nanoparticles. It is
well known that in the case of a two-dimensional lattice, the
maxima of diffraction peaks do not coincide with the nodes
in the reciprocal space, which leads to an underestimation of
the unit cell parameter.2,5,15

A fit of the temperature dependence of the rhombohedral
angle with a power law �1−T /TN�� gives �=0.49�6� and
TN=119.7�4� K. The last one is close to TN measured for
MnO within the MCM-41 matrix with a system of parallel
channels of the same diameter.4 As well the measured TN
appears to be enhanced with respect to the bulk value.

Assuming that the rhombohedral angle is proportional to
the square of the magnetic moment as in the bulk, the expo-
nent in the temperature dependence of the moment turns out
to be 0.25�3�. This value is characteristic for a low-
dimensional magnetic system and coincides with the expo-
nent measured for MnO within the matrix MCM-41 with the
same channel diameter.4 Also, the magnetic transition param-
eters are the same for MnO within matrices MCM-41 and
MCM-48, in spite of their different topologies.

In conclusion, synchrotron radiation diffraction experi-
ments were performed in MnO confined within MCM-48
matrix with a gyroidal system of nanochannels. The crystal-
lized nanoparticles have a ribbonlike shape with a length of
about 50 Å and do not show a long-range atomic ordering. It
leads to a specific diffraction line shape, which cannot be
described in the frame of the known mechanism of the alge-
braic decay of correlations. In spite of the disordered atomic
structure, a phase transition from a cubic structure to a rhom-
bohedral distorted structure is observed, as in the bulk. The
parameters of this phase transition are similar to the param-
eters of the transition observed in MnO within the matrix
MCM-41, where the long-range atomic ordering is present.
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