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Ab stract

e-Fe2O3 nanoparticles em bed ded in a sil ica ma trix were ob -
tained by sol-gel method and ther mal treat ment at high
tem per a tures. The ef fect of the ther mal treat ment tem per a -
ture over the phase com po si tion was fol lowed by X-ray dif -
frac tion, Mössbauer spec tros copy. XRD anal y sis in di cated

that e-Fe2O3 is pres ent as crys tal line phase in the
nanocomposites an nealed at tem per a tures higher than
900 °C. Based on re sult ing TEM and XRD data, it can be
con cluded that syn the sized ma te ri als pos sess uni formly
dis trib uted spher i cal nanoparticles with av er age size
around 12 nm at 1100 oC. Mössbauer spec tra re corded at
4.2 K show that the mag netic or dered phase is vir tu ally

pure e-Fe2O3.

In tro duc tion

Mag netic par ti cles with sizes in the nanometer scale are
now of in ter est be cause of their many tech no log i cal ap pli -
ca tions and unique mag netic prop er ties which dif fer con -
sid er ably from those of bulk ma te ri als. 

 Be low a crit i cal size, mag netic par ti cles be come sin -
gle do mains in con trast with the usual multidomain struc -
ture of the bulk mag netic ma te ri als ex hib it ing unique
phe nom ena such as superparamagnetism [1] and quan tum
tun nel ing of the mag ne ti za tion [2]. Mag netic nanoparticles
with superparamagnetic be hav ior, i.e. they dis play lit tle or
no remanence and coercivity while keep ing a very high sat -
u ra tion mag ne ti za tion, have po ten tial ap pli ca tions in med i -
cal di ag nos tic, mag netic drug de liv ery and cell-sort ing
sys tems [3-4] or in mag netic re frig er a tion tech nol ogy [5].

In the last de cade many stud ies on the for ma tion of fer -
ric ox ide nanoparticles in sil ica ma trix by sol-gel method
were de vel oped [6-9]. They showed that iron ox ide
nanoparticles pre cip i tate in the pores of the ma trix, the
growth of par ti cles be ing lim ited by di am e ter of the
nanopores.  How ever, the iron ox ide phase formed in the
sys tem is dif fer ent in many cases, as a re sult of the sen si tiv -
ity of the pro cess to the pre cur sors prep a ra tion con di tions,
ther mal treat ments and the at mo sphere em ployed.

Ac cord ing to X-ray dif frac tion data, a sin gle phase

e-Fe2O3 can be ob tained, as mag netic nanoparticles dis -
persed in a sil ica ma trix, when the con tent of iron ox ide is
as small as 13 wt.% [10]. How ever, ad di tional mea sure -

ments are re quired to con firm X-ray dif frac tion re sults.

 The aim of this work is to ob tain and char ac ter ise the

e-Fe2O3 phase at a cer tain con tent in the sil ica ma trix (13
wt. %), fol low ing a pro ce dure pre vi ously de scribed [10].
Fe and Si pre cur sors so lu tions were trans formed through
hy dro ly sis-con den sa tion re ac tions into gels at room tem -
per a ture and then sub jected to dry ing and ther mal  treat -
ments in 200-1100oC range. 

Ex per i men tal

Syn the sis. A hydroethanolic so lu tion of tetraethoxysilane
(Aldrich 98%) and iron (III) ni trate (Riedel de Haen, 96%)
were mixed to gether by stir ring at room tem per a ture. The
re sulted sols (pH~0.9) were kept in cov ered ves sels.
Gelation oc curs af ter 15 days. Wet gels were dried at
60-80 °C for 14 h. The dried xerogels with brown ish glassy 
ap pear ance were rather hard. Sam ples were crushed in an
ag ate mor tar, and the re sult ing pow ders were sub jected to
ther mal treat ments up to 1100 °C in air, in steps of 3 h an -
neal ing at ev ery 100 °C, and then the sam ples were slowly
cooled to room tem per a ture. The sam ples con tain ing 13
wt. % iron ox ide and ther mally treated at 1000 °C and 1100
°C were la beled F13 1000 and F13 1100, re spec tively. 
Char ac teri sa tion. The iden ti fi ca tion of formed crys tal line
phases was re al ized by X-ray diffractometry (XRD) us ing
a Siemens D5005 pow der diffractometer, with dif fracted

beam mono chro ma tor and Cu Ka ra di a tion l = 1.5406 C.
Dif frac tion pat terns were re corded from 10° to 90° with a
step size of 0.1° and a scan ning rate of 15 s per step. Trans -
mis sion elec tron mi cros copy (TEM) in ves ti ga tions were
car ried out us ing a Hitachi H800MT mi cro scope op er at ing
at 200 kV. Mössbauer spec tra (MS) were ac quired in the
tem per a ture range 5-300 K, us ing a con ven tional
Mössbauer spec trom e ter with a 57Co/Rh source. 

Re sults and Dis cus sion

For sam ples an nealed at tem per a tures be low 1000 oC, XRD 
data are not rel e vant for phase iden ti fi ca tion, be cause ei ther 
the par ti cles are too small, or are in amor phous state. X-ray
pow der dif frac tion pat terns of the sam ples treated at
1000 oC and 1100 oC, re spec tively were re corded in or der
to de ter mine the crys tal line phase(s) formed in the
nanocomposites (Fig ure 1). The base line pres ents a broad

max i mum around 22-24° cor re spond ing to the amor phous
sil ica ma trix.  The ep si lon phase of fer ric ox ide dif frac tion
lines ap pear in both pat terns.  The in dex ing was done us ing

the pat tern pro posed by Tronc et al. [11] for e-Fe2O3 phase
and the JCPDS 16-0653 file [12]. The mean di am e ter of
crys tal lites of ~ 11 nm was de ter mined by the Scherrer for -
mula (K = 0.89) [13], from X-ray dif frac tion broad en ing of
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(122) line of e-Fe2O3. Rietveld re fine ment was done in the
case of F13 1100 sam ple, which seems to con tain iron ox -
ide only in the crys tal line form of ep si lon phase. The re -
sulted cell pa ram e ters (a = 5.0210, b = 8.8672, c = 9.4565)
are close to that ones re ported by Tronc et al. [11] for

e-Fe2O3. 

The trans mis sion elec tron mi cros copy (TEM) im age of
F13 1100 sam ple (Fig ure 2) was thor oughly ex am ined. The 
shape of the par ti cles is nearly spher i cal and an av er age

par ti cle size of 11.6 ± 1.6 nm was obtained.
SAED im age, (Fig ure 3) re veals dif frac tion rings

cor re spond ing to e-Fe2O3 phase.

Ta ble 1 pres ents the d-spac ings re sult ing from the
mea sure ment of the dif frac tion-ring di am e ters and the cor -
re spond ing hkl Miller in di ces. All d-spac ings cor re spond

to e-Fe2O3 pat tern [11]. 
The sam ple ob tained by heat-treat ment at 1100 oC was ex -
am ined by Mössbauer spec tros copy. At 300K the reg is -
tered spec trum shows a superparamagnetic be hav iour and
no phase iden ti fi ca tion is pos si ble in such case (Fig ure 4).
From this rea son, sup ple men tary spec tra at 80K and 4.2K
were re corded. The re sults of spec tra fit tings are pre sented
in Ta ble 2. At 80K, an amount of ~22% iron is still in the
mag netic dis or dered state. The rest of the iron is pres ent as
a mag netic or dered struc ture. The hyperfine pa ram e ters
hav ing val ues in the range be tween 26.1 T and 50.0 T cor -

re spond to e-Fe2O3 [10]. At 4.2 K we deal with a com -
pletely or dered mag netic struc ture (Fig ure 5) char ac ter ised
by val ues of hyperfine fields sit u ated in the range of

46.2-52.3 T, char ac ter is tic to e-Fe2O3 [10]. 
The four dif fer ent val ues are as signed to Fe3+ ions. This

re sult from the fact that Fe3+ ions is local ised in three oc ta -
he dral sites, two of them char ac ter ized by sim i lar val ues
(~ 52 T) of hyperfine field and a third one by smaller
hyperfine field (~50.3 T). The low est hyperfine field value
of ~46 T is due to the forth type of Fe3+ ions hav ing tet ra he -
dral co or di na tion. 

Con clu sions

Sol-gel chem i cal syn the sis of pure e-Fe2O3 nanoparticles
em bed ded in a sil ica ma trix was in ves ti gated. Hyperfine
pa ram e ters  de rived from Mössbauer spec trum re corded at
4.2 K con firm the X-ray dif frac tion and elec tron dif frac tion 
re sults con cern ing the pres ence of a unique iron ox ide

phase, e-Fe2O3. Trans mis sion elec tron mi cros copy ob ser -

va tions re veal that e-Fe2O3 par ti cles are roughly spher i cal
and have sizes of around 12 nm. 
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Fig. 1. XRD pat tern of F13 1000 and F13 1100 nanocomposites.

Fig. 2. TEM and SAED of F13 1100 sam ple.

Fig. 3.  SAED mi cro graph of F13 1100 sam ple.
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d-spa cings 0.002 [C]      Ref. [11] hkl

2.965       2.962  013

2.718       2.718 122

2.565       2.561 113

2.455       2.451 131

2.283       2.285 123

2.238       2.237 132

2.020       2.018 140

1.985       1.980  203

1.730       1.732 204

1.532       1.534  053, 144

1.522       1.518 205

1.473       1.469 060

Ta ble 1. Ob served d-spac ings in F13 1100 sam ple. Ex per i men tal

er ror is 0.002 C.

No.

Sam ple/

Re gis te ring

Tem pe ra tu re

Re la ti ve

area

(%)

Iso mer

shift d

(mm/s)

Quadrupo le

split ting

Hy per fi ne

field Hbf

(T)

F13 1100
80 K

21.2 0.42 -0.13 50.0

18.5 0.40 -0.09 47.5

31.8 0.32 -0.10 42.0

4.8 0.40 0.25 26.1

11.3 0.39 - -

11.0 0.32
broad 

com po nent
-

F13 1100
4.2 K

47.9 0.35 -0.10 52.3

14.7 0.64 0.04 51.9

13.1 0.29 -0.23 50.3

24.3 0.27 -0.07 46.2

Ta ble 2. Hyperfine pa ram e ters of F13 1100 sam ple at 80K and 4.2
K.

Fig. 4. The Mössbauer spec trum at 300 K of F13 1100 sam ple.

Fig. 5. The Mössbauer spectrum at 4.2 K of F13 1100 sam ple.


