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Magnetic Ordering and Phase Transition in MnO Embedded in a Porous Glass
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We present the results of a neutron diffraction study of the antiferromagnet MnO embedded in a porous
glass. The type of magnetic ordering and the structural distortion are similar to those of the bulk, but the
ordered magnetic moment of 3.84(4)up/ion is strongly reduced and the Néel temperature is enhanced.
The magnetic transition is second order, in contrast to the first order transition of the bulk. The size of the
magnetic region is smaller than the average size of the nanoparticles. The reasons for this behavior are

discussed.
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The effects of finite size on the physical properties of
condensed matter have attracted great interest. The prop-
erties of matter confined to nanometer scale pores or thin
films differ from those of the bulk. This has stimulated
interest in the behavior of substances in the unusual con-
ditions of so-called “restricted” or “confined” geometry.
Moreover, composites consisting of different materials em-
bedded in a porous media have practical applications. For
example, it was reported recently that the magnetics sput-
ter deposited onto a nanoporous media are very promising
as high-density magnetic storage media [1].

One of the most interesting problems is the influence of a
“confined geometry” on a phase transition. In the materials
embedded in a porous media, finite-size effects have been
studied for melting, freezing [2—4], and superconducting
[5] transitions. However, as far as we know, until now there
were no experimental data relating to the magnetic phase
transitions for materials embedded in a porous media.

In this paper we report the results of a neutron diffrac-
tion study of the classic antiferromagnet MnO embedded
in a porous glass, where it is present in the condition of
a confined geometry. Recent technological progress has
made possible the synthesis of different compounds, in-
cluding magnetic oxides in a glass matrix.

Manganese oxide was selected since the magnetic be-
havior of the bulk has been well studied. This oxide has
an antiferromagnetic structure, for which the magnetic and
nuclear Bragg reflections are well separated [6,7]. The
magnetic order in bulk MnO occurs by a first order transi-
tion at 117 = 1 K [8], accompanied by a distortion of the
cubic structure [7,9].

The porous matrix was made from a sodium borosili-
cate glass. After a special treatment, an interconnected
solid skeleton of nearly pure SiO, remains. The matrix
has a random interconnected network of elongated pores
with a narrow distribution of pore diameters of 70 + 3 A.
The inner structure of the glass matrix was found to be
the same as that reported in [10] (inset in Fig. 1). MnO
was synthesized from a manganese nitrate solution by a
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chemical bath deposition method, without applying exter-
nal pressure. The neutron diffraction measurements were
performed at the diffractometers G6-1 and G4-1 of the
Laboratoire Léon Brillouin with a neutron wavelength of
4732 A and 2.427 A, respectively.

Typical neutron diffraction patterns measured in the
paramagnetic and magnetically ordered phases are shown
in Fig. 1. New Bragg reflections appearing below 122 K
show the onset of correlated magnetic order in the embed-
ded nanoparticles. These diffraction lines are broadened
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FIG. 1. Neutron diffraction patterns of MnO embedded in a

porous glass measured at 11 and 200 K (A = 4.732 A). The
stripes mark the positions of Bragg reflections corresponding to
the trigonal distorted lattice. Small reflections at about 72°,
90°, and 115° are due to unidentified impurities. The solid
line corresponds to the calculated profile. In the top inset the
fragment of a typical micrograph of pore network (in dark) from
[10] is shown.
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with respect to the instrumental resolution, indicating that
the correlation length is finite. The observed diffuse back-
ground is due to the porous silica glass. The background
does not vary with temperature, showing that the sizes of
cavities in the glass matrix are temperature independent.

The indexing of the observed magnetic reflections corre-
sponds to antiferromagnetic ordering of type-II in the fcc
lattice similar to that reported for bulk MnO [6,7]. The
shape of the reflections below the Néel temperature Ty
indicates structural distortions and matches to the trigonal
distortion of a cubic lattice. The temperature dependen-
cies of the angle of trigonal distortion « and of the unit
cell parameter a, shown in Fig. 2, are in good agreement
with those reported for bulk MnO [11]. As in the bulk,
the anomaly of the unit cell parameter at the magnetic
transition, explained by next-nearest-neighbor spin inter-
actions [8,11], is clearly seen in embedded MnO. How-
ever, in contrast with bulk, where the angle of trigonal
distortions « varies as the square of the mean magnetic
moment [11], our data show that in embedded MnO, the
angle « is directly proportional to the magnetic moment
(Fig. 2b).

From the line-shape analysis of the observed peaks, we
calculated the volume-averaged diameters D, and Dyyc
for the magnetic and nuclear regions, respectively. Be-
cause of the large neutron wavelength, there was a limited
number of observed reflections and a strong correlation
between the peak width and the crystal distortion parame-
ters. Since the mean diameter of the nanoparticle should
be the same below and above the magnetic transition, the
width of each of the two components of the nuclear re-
flection, which is split due to structural distortions below
Ty, was kept constant and equal to the peak width above
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FIG. 2. Temperature dependencies of (a) the unit cell parame-

ter a, and (b) the angle of trigonal distortion a (open triangles)
and the magnetic moment (solid circles) for the embedded MnO.
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Ty. This value corresponds to the average diameter of the
nuclear cluster Dy of 144(3) A. The mean diameters of
the magnetic regions Dyae and nuclear Dy, are shown in
Fig. 3. Both values were found significantly larger than
the mean pore diameter 70 A, showing that the confined
manganese oxide forms interconnected (probably fractal)
aggregates rather than small isolated nanoparticles. Simi-
lar aggregates were obtained for gallium particles confined
to a porous glass [3,5], where the crystallization spreads at
least over several adjacent pores.

The average size of the magnetic cluster turns out to be
significantly smaller than the average size of the nanopar-
ticle. The difference between Dy, and Dyye could be
due to several factors. It could result from a breakdown
of the large magnetic aggregates into smaller ones be-
cause of necks or other irregularities in a porous media.
Since the pore geometry does not change with temperature,
such domain formation should only very weakly depend on
temperature.

Another explanation could come from the random cant-
ing of spins at the surface of the nanoparticle near the pore
walls and the formation of a “layer” with spin disorder.
As a result, the orientation of the surface magnetic mo-
ments could be altered from that in the core. Such disor-
dering is a well-established phenomenon for nanoparticles
[12,13]. For example, it was observed in the oxide par-
ticles of NiFe,O,4 [14] and metallic nanoparticles of FeRh
[15] and Fe [16].

In metallic particles finite-size effects cause a collective
spin freezing at the surface due to a competition between
the exchange and anisotropy energies. In oxide nanopar-
ticles surface effects should be more pronounced, since the
superexchange magnetic bonds are very sensitive to any
nonstoichiometry. The reduced oxygen coordination and
the broken bonds at the surface should result in a strong
surface disorder.

Recent computer simulations on oxide particles of
v-Fe,O3 suggest that magnetic perturbations starting at
the surface gradually propagate to the core [17]. However,
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FIG. 3. Temperature dependencies of the volume-averaged di-
ameters Dy, (solid circles) and Dy (open circles) for the
magnetic and nuclear regions, respectively, for embedded MnO.
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this perturbation becomes smaller with decreasing tem-
perature, in contrast to the present experiment.

In our case the value of Dy, should depend on the com-
petition between exchange energy, dominating in core, and
some surface energy which arises from the frustration of
bonds at the surface, random fields, and others phenomena.
This balance could be strongly affected by magnetostric-
tion. The inner stresses due to magnetostriction could re-
sult in a change of the exchange interaction distribution at
the surface. A quantitative explanation is still lacking.

From the intensity of the magnetic Bragg reflections,
the ordered magnetic moment at 10 K was found to be
3.84(4)up/ion. This value, averaged over the magnetic
region, turns out to be noticeably smaller than the value of
4.892 5 /ion obtained for bulk MnO in the neutron inelas-
tic scattering experiment [18]. In the diffraction experi-
ment the surface spins, disordered on atomic scale, do not
contribute to the magnetic Bragg reflections. Therefore,
the reduction of the net moment can be explained by ran-
dom moment canting. Note, that such a moment reduction
has been reported for different nanostructured magnetic
materials [12].

The temperature dependence of the magnetic moment
of the embedded nanoparticles and those in bulk MnO [6]
are shown in Fig. 4. It is clearly seen that the discontinu-
ous, first order transition in the bulk becomes continuous
in the confined geometry. Fitting the observed magnetic
moment dependence m(T) with a power law m(T) ~
(1 = T/Ty)? at T/Ty > 0.7 yields the values Ty =
122.0(2) and B = 0.34(2). These values should be con-
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FIG. 4. Temperature dependence of the scaled magnetic mo-
ment of MnO embedded in a porous glass (solid circles) and in
the bulk MnO (open circles). The solid line corresponds to a fit
with a power law. The moment dependencies on a logarithmic
scale are shown in the inset.

sidered as low limits because of the quasielastic critical
scattering, which exists above the transition. In fact, we
see weak traces of quasielastic scattering in the diffraction
patterns up to 124 K, that “smears out” a transition. The
value of B is close to the critical exponents: 0.362(4) and
0.326(4), obtained by computer simulation of a finite-size
scaling for 3D-Ising and 3D-Heisenberg models, respec-
tively [19].

The character of transition depends on several factors:
the dimensionality of the space (influence of finite size),
the dimensionality of the spin order parameter, and the
influence of random fields. The first order transition
in bulk MnO was explained quantitatively by using the
model of bilinear exchange [8] and by a group-theoretical
method with the multicomponent order parameter [20].
The number of components of the order parameter corre-
sponds to the dimensionality of the magnetic irreducible
representation.

A second order phase transition, instead of the expected
first order, was observed in thin films of MnO [21,22].
The observed change in the character of transition was
ascribed to a reduction of the spin order parameter from
8 for the bulk (fourfold symmetry of the wave vector) to 2
for the film (only one magnetic wave vector exists because
of strong uniaxial anisotropy). A similar phenomenon was
observed in a single crystal MnO under applied pressure
[23], when only magnetic domains with one wave vector
remain and the transition becomes continuous.

Because of the elongated form of the pores, an aniso-
tropic interaction with the walls of the pores could cause
inner stresses and reduce the dimensionality of the spin
order parameter. However, in our case MnO was synthe-
sized practically in situ inside the pores and it is difficult
to expect strong stresses as in films. Therefore, the ob-
served change in the character of transition is unlikely to
be due to a change in the dimensionality of the spin order
parameter.

Rigorously, singularities at phase transitions occur in the
thermodynamical limit only, when the system is infinite
along some directions in space [24]. If the system is finite
along all dimensions, it cannot exhibit a singular behav-
ior. Computer simulation of phase transition in finite-size
systems, in particular, in pores of an aerogel, confirms this
general conclusion [25].

In embedded MnO the transition temperature was found
to be higher than in the bulk. A general effect of reduced
space dimensionality is a strong decrease of 7. This de-
crease was observed in a system of ultrafine particles of
MnO, randomly distributed on a two-dimensional plane
[26]. However, in thin epitaxial films of MnO the tran-
sition temperature strongly depends on the substrate and
can be either above or below the bulk value [21]. More-
over, there are experimental and theoretical proofs that,
even in the same matrix, T depends on the size of con-
fined nanoparticles [27]. Probably, this phenomenon de-
pends on the connectivity of adjacent nanoparticles driven
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by some specific features of the matrix, such as the wetting
of the walls by the embedded material.

In conclusion, by using neutron diffraction the magnetic
order in a confined geometry was observed for the antifer-
romagnet MnO embedded in a porous glass. The type of
magnetic order and structural distortion was found to be
the same as in the bulk. However, the angle of trigonal dis-
tortion is proportional to the magnetic moment, in contrast
with the bulk, where this angle is proportional to the square
of the magnetic moment. The ordered magnetic moment
of 3.84(4)wp/ion is noticeably smaller than in the bulk.
The magnetic order extends over a region smaller than the
average size of the nanoparticle. Moreover, the magnetic
phase transition was found to be second order with an en-
hanced Ty, in contrast to the first order transition in bulk.
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