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Introduction 

Iron oxides are important materials in technology be-
cause of their potential applications in the production 
of isotropic permanent magnets, high-density magnetic 
recording media, magnetic fluids and as a promising 
perspective material for spintronics [6, 10]. For such 
applications, a stable single-domain particle is required. 
This kind of materials is referred to as nanocrystalline 
materials in which the number of atoms in the grain 
boundaries is comparable to or greater than those inside 
the grains. However, with decreasing of the particle size 
the energy of their thermal motions becomes compa-
rable with magnetic anisotropy energy and magnetic 
coupling between such single-domain small particles is 
broken and superparamagnetism phenomenon occurs. 
From the technological point of view, it is important to 
obtain optimal size of magnetic nanoparticles. The suit-
able method to control microscopic magnetic properties 
of nanocrystallites is Mössbauer spectroscopy (MS). 

Nowadays, there are a lot of methods to fabricate 
such materials. Among the known approaches for pro-
ducing nanostructures template-based methods can be 
distinguished [11–13, 17]. One of the popular templates 
used to confine conveniently magnetic compounds in 
low-dimensional arrays is high ordered mesoporous 
MCM-41 silica characterized by uniform pore diameter, 
large pore volume and large specific surface area [2]. 
Although the regular hexagonal arrangement of the 
cylindrical pores the in MCM-41 seems to be an almost 
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perfect support, the irregular distribution of silanol 
groups on the channel walls hinders the uniform and 
complete filling matrix pores. Additionally, besides the 
well determined cylindrical pores there exist a rela-
tively large free volume between granules in discussed 
materials. A better understanding of the processes of 
magnetite formation and factors influencing stability of 
the obtained nanonstructures is necessary. PALS has 
been proved to be a sensitive tool for investigation of 
voids filling with non-magnetic material in mesoporous 
templates [8]. The localized o-Ps can undergo various 
interactions. It can annihilate with electrons on the pore 
surface by the pick-off process, in addition to the self-
-annihilation with a lifetime of 142 ns. Since the pick-off 
annihilation rate is proportional to the probability of 
o-Ps being in contact with the pore wall, the lifetime be-
comes shorter with decreasing pore size. Thus, o-Ps can 
be used as a porosimetric probe to evaluate the average 
size and size distribution of pores up to 100 nm in size. If 
the pores are partially or completely filled by gas/liquid 
molecules, pick-off annihilation with the electrons of 
the pore-filling molecules results in shortening of the 
o-Ps lifetime. This gives the possibility of using Ps as a 
microscopic probe for adsorption and pores filling [16]. 
In the presented work, we discuss the applicability of the 
PALS to control process of magnetite nanocrystallites 
formation in ordered silica, in particular in MCM-41. 

Experimental 

The mesoporous MCM-41 silica was sythesized using 
hexadecyltrimethylammonium bromide (C16TMAB, 
96%, Aldrich) as a surfactant. The preparation procedure 
followed the method described in [5]. Tetraethoxysilane 
(TEOS, 98%, Aldrich) was used as a silica source. The 
as-synthesized sample was dried at 100°C for 2 h and next 
calcined at 550°C for 8 h. Finally, the MCM-41 sample 
was processed at 550°C for 5 h in an oxygen stream in 
order to eliminate the carbon deposit left after calcina-
tion in static conditions. In the second step the calcined 
samples were impregnated by inserting a 5% solution of 
Fe3+ into porous silicate for 0.5 h, drying (1 h) and calci-
nation in air atmosphere at 300°C for 1 h. Phase analysis 
of impregnated sample with magnetite was carried out 
by means of X-ray powder diffraction (XRD) with CuKα 
radiation. The presence of Fe3O4 was confirmed. Only a 
small amount of γ-Fe2O3 was also revealed. The average 
grain size 13.0(5) nm was deduced from the broadening 
of XRD diffraction peaks by using Sherrer’s formula. 

In order to characterize porosity of the MCM-41 sup-
port, the nitrogen adsorption/desorption isotherms were 
measured at 77 K using a volumetric adsorption analyzer 
ASAP 2405 (Micromeritics, Norcros, GA). The specific 
surface area SBET, was calculated using the Brunauer-
-Emmett-Teller (BET) method for the desorption data 
in a relative pressure range p/p0 from 0.05 to 0.25. For 
MCM-41 monomodal and narrow pore size distribution 
was obtained that is characteristic of uniform porosity 
of silica. The pore size distribution was calculated from 
the desorption isotherm by the Barrett-Joyner-Halenda 
procedure [1]. For the sample under study, an average 
pore diameter RBJH = 1.5 nm, a total pore volumes Vp = 
1.10 cm3/g and a specific surface area SBET = 1070 m2/g 

were obtained. Magnetic properties of the nanocrystal-
lites embedded into MCM-41 template were investigated 
by means of MS. Mössbauer spectra were recorded using 
a constant acceleration spectrometer in the wide tempera-
ture range with a 57Co(Rh) source (1.85 GBq). The data 
of the Mössbauer spectra were fitted using least-squares 
fitting, where for magnetic component the quadrupole 
interaction is treated as a perturbation to the hyperfine 
field. The isomer shift values are given relative to α-Fe 
at room temperature (RT). 

A study of annihilation lifetime spectra offers a 
non-destructive method for measuring the free volume 
sizes and other aspects of the environment [3] within the 
channels of MCM-41 mesoporous sieves. In PALS mea-
surements the 22Na positron source sealed in a Kapton 
envelope was placed between two layers of the powder 
sample, pressed together by a screwed cap inside a small 
copper container. The container was fixed on the top of 
a copper rod with a heating coil just below the sample 
holder. This setup was placed in a vacuum chamber 
allowing to obtain pressure ~ 0.01 mbar. The sample 
temperature could be regulated from RT to over 500 K. 
The PALS measurements were performed at RT, if not 
stated otherwise. The positron lifetime spectrometer 
was a conventional fast-slow setup with a pulse pile-up 
inspection. Scintillators were BaF2 crystals in the geom-
etry excluding the possibility of summing effects. In the 
time of measuring system the start signal was produced 
by 1274 keV γ-ray, following the decay of 22Na. The stop 
signal was produced by one of the annihilation photons. 
In porous media an essential number of o-Ps atoms 
decay into 3 gamma-quanta. Their energy spectrum 
is continuous, extending from 0 to 511 keV. Thus, to 
improve the efficiency of counting the stop energy a 
window in the spectrometer was widely open (80% of 
the energy range). At such a setting, the resolution time 
was 0.31 ns. The time base of the PALS spectrometer was 
2 μs (8192 channels). The number of events collected per 
spectrum was (2 ÷ 10) × 106. The lifetime spectra were 
analyzed using the Lifetime (LT) program [7]. 

Results and discussion 

Mössbauer spectroscopy (MS) 

In order to achieve better understanding, the magnetic 
finite size particles behaviour MS was applied. The 
obtained Mössbauer spectrum for the sample under 
investigation is shown in Fig. 1. The pattern measured 
at RT consists of two subspectra of sextet and a super-
imposed paramagnetic doublet. The sextets originate 
from Fe atoms located at two non-equivalent tetrahedral 
(A) and octahedral (B) sites in the magnetite. From the 
fitting procedure, the values of hyperfine parameters are 
determined. The hyperfine magnetic fields are equal to 
about 49.3 T and 46.0 T for tetrahedral and octahedral 
positions, respectively. These values are very close to 
those for the bulk magnetite. The presence of the dou-
blet which could be due to some superparamagnetic re-
laxation is rather surprising. For such materials like bulk 
magnetite and maghemite which crystallize in regular 
structure at temperatures above TN in the Mössbauer 
spectrum a monoline is observed. The existence of the 
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superparamagnetic phenomenon for nanoparticles 
results from the thermal relaxation phenomenon due to 
the intrinsic finite-size effect. Hence one can explain the 
presence of superparamagnetic doublet as showing that 
remarkable part of Fe atoms is located in the region of 
the nanoparticle surface and because of the broken cubic 
symmetry, these atoms are exposed to non-zero electric 
field gradient. Additionally, the line broadening of the 
sextets is typical of superparamagnetic nanoparticles 
close to the blocking temperature, which is defined as 
the transition temperature from fast to slow relaxation 
[9]. The relative contribution of the relaxing component 
to the total spectrum at RT is about 80%. 

With increasing temperature, the ferrimagnetic com-
ponent decreases. Additionally, a monoline appears in 
the Mössbauer spectrum. This component results from 
nanoparticles in the superparamagnetic state, similarly 
to the doublet. However, in this case 57Fe probes located 
in the core of nanoparticles are a source of signal. They 
have spherical local surroundings in which there is no 
electric field gradient. Appearance of the monoline at 
temperatures considerably below the Néel temperature 
for the bulk magnetite (858 K) indicates that it corre-
sponds to a superparamagnetic phase and not to a regular 
paramagnetic phase. 

The Mössbauer measurements unambiguously con-
firm the occurrence of magnetite nanocrystallites in the 
investigated Fe3O4/MCM-41 sample. However, the MS 
method does not give any information about localization 
of nanoclusters in the MCM-41 template and degree of 
its pores filling. 

Positron annihilation lifetime spectroscopy (PALS) 

Four different PAL spectra for the investigated 
samples are shown in Fig. 2. Significant differences in 

the lifetimes values between the empty MCM-41 and 
Fe3O4/MCM-41 samples measured in different condi-
tions are well visible. The spectra are rather complicated. 
In the fitting procedure they were assumed to consist 
of five exponential components: two of them are very 
short-lived, belonging to the decay of para-positronium 
(p-Ps) and the annihilation of free positrons in iron oxide 
particles, silica skeleton and in the Kapton envelope. 

Because these lifetimes are an approximation of 
several undistinguishable components comparable to the 
time resolution of the measuring system, respective values 
τ1, τ2 are determined not too precisely: τ1 ≈ 0.13 ns (p-Ps), 
τ2 ≈ 0.53 ns (free e+). In order to decrease uncertainties 
of the results τ1 was fixed during fitting, what resulted in 
distortion of intensities of these components. However, 
these two components are not essential in the further 
considerations and inaccuracy in their determination 
influences o-Ps components only marginally [14]. 

Besides of the two components mentioned above, in 
the investigated samples of MCM-41 and Fe3O4/MCM-41, 
three long-lived o-Ps components were observed in the 
lifetime spectra. The shortest-lived of these components 

(τ3) is due to o-Ps annihilation in the walls of nanotubes, 
the medium-lived one (τ4) results from decay of o-Ps 
trapped inside of nanopores and the longest-lived 
among them (τ5) is related to the annihilation of o-Ps 
trapped in free volume spaces between the grains of 
the material [15]. Some results of numerical fitting 
procedure on the asumption of five component model 
are listed in Table 1. 

Dependence of the lifetimes and intensities of the 
long-lived components on air pressure for the empty 

Fig. 1. The 57Fe Mössbauer spectrum of Fe3O4/MCM-41 
sample measured at RT. 

Fig. 2. Positron annihilation lifetime spectra of two MCM-41 
samples impregnated with Fe3O4 and without impregnation 
measured in vacuum and in air. 

Table 1. The five-component fitting results of positron annihilation lifetime spectra of MCM-41 and Fe3O4/MCM-41 samples 
measured in vacuum ( ≈ 0.01 mbar) and in air 

Sample τ3 (ns) τ4 (ns) τ5 (ns) I3 (%) I4 (%) I5 (%)

Pure MCM-41 vacuum air 6.53(42)
4.87(39)

44.9(3.6)
23.3(1.3)

128.34(87)
 74.58(38)

  0.614(28)
  0.664(44)

1.99(19)
  2.332(71)

19.77(20)
14.89(16)

Fe+Fe3O4/MCM-41 vacuum air 1.84(10)
1.84(14)

   5.07(54)
15.7(1.5)

 20.8(1.6)
 73.8(1.5)

0.81(21)
 0.95 (20)

0.64(19)
0.62(29)

  0.47(19)
  4.38(27)
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MCM-41 silica are presented in Fig. 3. Neglecting all 
adsorption related processes and assuming that only 
constant pick-off and pressure dependent o-Ps air 
quenching by paramagnetic oxygen molecules influences 
τ5, this dependence can be described by equation 

(1)  τ5 = (λp-o
(5) + λq ⋅ p)–1, 

where λp-o
(5) is the pick-off probability in spaces between 

the grains of the material, λq is the air quenching rate 
and p is the air pressure. Values of the pick-off prob-
ability and the air quenching rate in MCM-41 were 
obtained by least-squares fitting of curve described by 
Eq. (1) to the data presented in Fig. 1. 

The τ3 remains almost constant in the whole range 
of pressures because either air does not penetrate small 
free volumes in walls of nanotubes formed from amor-
phous silica or air quenching rate λq = 5.609(45) (μs × 
bar)–1 is neglible regarding the pick-off probability in 
these free volumes λp-o

(3) = 210(10) μs–1. The τ4 decreases 
remarkably, while a decrease of τ5 is quite big. Free voids 
related to the last two components are of open type and 
quenching by an o-Ps to p-Ps conversion in interaction 
with paramagnetic oxygen molecules is effective (λp-o

(5) 
= 7.953(27) μs–1 is comparable to λq). The intensity of 
the third and fourth components is not influenced by air 
pressure. The intensity I5 decrease by about 20% when 
pressure increases up to ambient pressure. 

Lifetime τ5 observed in Fe3O4/MCM-41 composite 
in air is quite similar to the values observed for pure 
MCM-41 (Table 1). It indicates that intergranular spaces 
are of similar size in both samples. On the other hand, 
about four times smaller intensity of these components 
in Fe3O4/MCM-41 is connected to much smaller surface 
of the sample suggesting that a large fraction of the 
pores is filled with Fe3O4. It is also possible that Fe3O4 
partially covers walls of these pores blocking Ps forma-
tion due to the large probability of free positron annihi-
lation in free electron rich material. Smaller value of τ4 
in Fe3O4/MCM-41 seems to confirm this hypothesis. 

Quite different is the relation between lifetime 
spectra parameters observed for Fe3O4/MCM-41 com-
posite and pure MCM-41 in vacuum. A character of τ4 
and τ5 lifetimes and appropriate intensities change is 
unexpected (Table 1). In the case of Fe3O4/MCM-41 
the sample absence of air in the measuring chamber 
causes a considerable decrease of lifetime values in con-
trary to the analogous results for the empty MCM-41. 
Long-time evolution of the lifetimes of three long-lived 
components and their intensities for Fe3O4/MCM-41 
composite is shown in Figs. 4 and 5, respectively. In 
details, an experimental procedure for the impregnated 
MCM-41 sample was as follows. The lifetime spectra 
were recorded in 1 h intervals at RT. The initial measure-
ment was performed at ambient pressure and at RT. The 
obtained o-Ps lifetimes and intensities values are given 
in Table 1. Then, an experimental chamber was evacu-
ated and measurements were continued during pump-
ing. The τ5 lifetime component abruptly jumps down 
to about 60 ns and then decreases. At the same time, 

Fig. 3. The dependence of lifetimes (a) and intensities (b) of the longest components on air pressure in pure MCM-41 material 
measured at RT. Function described by Eq. (1) fitted to experimental τ5 is represented by solid line. 

Fig. 4. Long-time evolution of the lifetimes of three long-lived 
components for Fe3O4 embedded in MCM-41. For details 
see the text. 
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its intensity I5 shows similar behaviour. After 5 h, the 
sample was heated with stepwise increasing temperature 
from RT to 200°C and the spectra were collected every 
4 h. Results of numerical analysis for measurements 
at this stage are depicted in Fig. 6. The lifetime of the 
longest component shortens as a result of sample de-
gassing and achieves a value of ≈ 21 ns. The I5 intensity 
drastically falls from 4.4% in air atmosphere to 0.5% 
after annealing. This variation is correlated with uncov-
ering of nanocrystalline surface in this process. After 
self-cooling of the sample to ambient temperature, a 
sequence of measurements in vacuum was done and 
the lifetimes and intensities stayed practically constant. 
In the next step air was let into the chamber and the 
lifetime spectra were collected. The τ5 lifetime returns 
to the value before annealing with a long time-constant 
in the order of a dozen or so hours. The corresponding 
intensity reveals the same tendency. It increases even 
above its initial value in air. The last measurements were 
again fulfilled in vacuum. It seems that the longest-lived 
component again decreases. A character of τ4 changes 

is similar, but respective absolute value jumps are con-
siderably smaller. Observed dependences confirm that 
channels of MCM-41 are not fully filled with Fe3O4 and 
they remain partially open. 

The observed long-time evolution of the τ5 compo-
nent can be explained as follows. It is known that the 
adsorption of small amounts of the molecules on the pore 
surface increases the o-Ps lifetime, due to the blocking of 
active sites on the pore surface causing partial quenching 
of o-Ps [4]. Moreover, in water adsorption the lifetime 
achieves a maximum at the amount corresponding 
to monolayer formation, beyond which it is gradually 
shortened as a result of increased pick-off rate due to 
multilayer adsorption and pore filling. In the case of the 
investigated sample probably a coating of Fe3O4 deposits 
by monolayer of predominantly N2 molecules from air 
takes place. The monolayer gives a film thick enough 
to isolate semi-metallic magnetite with a much lower 
electron density layer. This effect gives an opposite and 
predominating result to an o-Ps to p-Ps conversion in the 
interaction with paramagnetic air oxygen molecules. 

One would suppose that hypothesis presented above 
should be valid also for the fourth component. Unfortu-
nately, situation is more complicated in this case. There 
is an additional process consisting in the escape o-Ps from 
open hexagonal pores to interparticle spaces influencing 
both τ4 and I4. The sum of probabilities of two processes: 
pick-off and escape of o-Ps determines their values in 
empty MCM-41 in vacuum. Quenching by air is a third 
contribution to τ4 and I4 and quenching by Fe is fourth 
one. Therefore, there is a difference between the behav-
iour of fourth and fifth component. 

Conclusions 

A creation of nanocrystallites in MCM-41 template 
is confirmed by means of MS. The most part of them 
exists in superparamagnetic state at RT. The positron 
could create o-Ps and annihilate mostly in two different 

Fig. 5. Long-time evolution of the intensities of three long-
-lived components for Fe3O4 embedded in MCM-41. For 
details see the text. 

Fig. 6. The lifetimes (a) and intensities (b) of the longest components as a function of temperature for the MCM-41 impreg-
nated with Fe3O4.



96 Z. Surowiec et al.

parts of sample volume: the free space between grains 
of silica and the inner space of MCM-41 nanotube 
capillaries with a well-defined radius. PALS supports 
the conclusion that the described in this paper method 
of impregnation MCM-41 with iron oxide enables to 
obtain only partial filling. The degassed Fe3O4 nano-
crystallites surfaces interact with o-Ps and cause a 
strong quenching of o-Ps by pick-off process and the 
decreasing of Ps formation probability. For the empty 
MCM-41 template in annihilation processes, o-Ps to 
p-Ps conversion in the interaction with paramagnetic 
air oxygen molecules dominates. 
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