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Abstract

An aqueous solution of AgNOjs in the presence of ammonia and Fe(CO)s is sonicated under a H,/Ar mixture,
yielding a nanostructured homogeneous phase of Ag/Fe,05. This composite material is further reduced at 300°C under
hydrogen to produce the nanophased Fe/Ag solid mixture. The as-prepared material, as well as the reduced mixture, is
analyzed by various conventional methods. Magnetization loops, ESR, Mdossbauer, and magnetoresistance
measurements are also conducted to determine the magnetic properties of the products. © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The synthesis of unusual and nanometer-scale
materials has been the focus of intense study in
materials science and solid-state chemistry [1,2].
Nanosized particles of noble metals have attracted
considerable interest in various fields of chemistry
because of their conspicuous physiochemical
catalytic properties and their potential applica-
tions in microelectronics, optical, electronic, and
magnetic devices [3—6]. Much attention have been
paid to granular iron solids because of their
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interesting physical properties and their applica-
tions in magnetic recording, optical devices, and
sensors [7-9].

Nanocrystalline (NC) Fe particles containing a
single magnetic domain exhibit magnetic proper-
ties that are strikingly different from those of bulk
Fe. New applications may exist for materials that
combine that high magnetization and coercivity of
single domain Fe particles together with a highly
conducting matrix. Fe can form alloys or solid
solutions with almost any metal, while there are a
few metallic elements with which Fe is immiscible.
Ag is one such example for the latter. However, in
recent years, it has been shown that metastable
and homogeneous alloys of Fe—Ag system can be
formed by using special techniques, such as
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thermal evaporation [10,11], liquid quenching [12],
ion implantation [13], sputtering [14—18], mechan-
ical alloying [19,20], and the gas condensation
method [21]. Fe/Ag alloy, however, is metastable,
and upon recrystallization at elevated tempera-
tures, a transformation into separated phases of
BCC Fe and FCC Ag occurs.

Sumiyama and co-workers [22] have reported
that Fe—-Ag granular alloy prepared by an ion
cluster beam exhibit the largest magnetoresistance
(MR) in the as-deposited sample, where the small
Fe clusters were dispersed in the Ag matrix. The
maximum MR can also be obtained when nano-
metric Fe clusters are dispersed in conductive
silver matrices indirectly by the annealing of
homogeneous deposited alloys. Since giant mag-
netoresistance (GMR) originates from the differ-
ence between conduction electron scattering in the
demagnetized and magnetized states, the magnetic
atoms in clusters and at the interfaces between the
magnetic and nonmagnetic regions play an im-
portant role [23].

The sonochemical method is a relatively new
technique for the preparation of nanosized amor-
phous powders of Fe, Co, and their alloys [24-29].
The current paper describes the sonochemistry-
reduction synthesis and characterization of nano-
sized granular Fe/Ag alloy. The Fe/Ag alloy
cannot be obtained directly in large quantities by
the sonochemical method. The NC (nanocrystal-
line) Fe/Ag is, however, fabricated by annealing
the sonochemically as-prepared Ag/Fe>O; product
under H, at 300°C.

2. Experimental

0.15g (0.30g, 0.25g) AgNO; was dissolved in
10 ml water, and then 0.5 ml NHj5 - H,O was added
into the solution. This solution and 5ml (0.5ml,
0.25ml) of pure Fe(CO)s were mixed in a 50 ml
sonication cell, by adding water until the value of
the mixture reached 50 ml. After removal of the O,
by bubbling Ar for 1 h, the mixture was irradiated
with a high intensity ultrasonic horn under 1
atmosphere Ar/H, at 0°C for 1.5h. The H, is the
reducing agent in the gaseous mixture. The
product was then washed with dry pentane and

pure water in an inert glove box. This product is
identified as a homogeneous mixture of Fe,O3; and
Ag. The Ag/Fe granular alloy is further fabricated
from this homogeneous mixture by annealing the
as-prepared Ag/Fe,O5; product under pure H, at
300°C for 1.5h. The composition of the solid
product and especially the ratio of Fe/Ag was
determined by EDAX. Energy dispersive X-ray
(EDX) on a JEOL JSM-840 electron microscope
was used to carry out elemental analyses. An
additional and more accurate measurement to
determine the ratios of silver and iron was carried
out using a traditional chemical method. The
differential scanning calorimetric (DSC) spectrum
was recorded using a Mettler Toledo (DSC 25)
Instrument. The heating rate was 10°C/min.
Magnetic force measurements were carried out
on a Mettler TGA4000 with a small permanent
magnet. The X-ray diffraction patterns were
recorded by employing a Rigaku X-ray diffrac-
tometer (Model-2028, CuK,). Samples were also
analyzed on a JEOL JEM-1220 transmission
electron microscope (TEM).

The Mossbauer spectroscopy (MS) studies were
carried out at 85 and 300 K, using a conventional
constant acceleration spectrometer. The *’Fe MS
was measured with a 50 mCi *’Co : Rh source, and
the spectra were least square fitted, with one or
two sub-spectra. The isomer shift (IS) values are
relative to Fe metal at 300 K.

To enable the electric resistivity and magnetore-
sistance measurements of the Ag.Fe;_, samples,
the powders were first pressed (at a pressure of
about Skbar) to form solid pellets and then
electrically wired for customary four point mea-
surements.

3. Results and discussion
3.1. XRD, EDX

Elemental analysis by EDX shows that the
resulting black powder contains the elements Fe,
Ag, and O (Fig. 1). The atomic ratio of Ag:Fe is
about 1: 1. The presence of oxygen leads, perhaps,
to a conclusion that the product in this case is
composed of Ag/Fe,O;. However, the XRD
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Fig. 1. The results of elemental analysis by EDX.
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Fig. 2. XRD patterns of samples: (a) the as-prepared sample;
(b) the as-prepared sample, annealed under Ar at 350°C for
1.5h. (c) the as-prepared sample, annealed under H, at 300°C
for 1.5h.

patterns of the as-prepared sample shows only the
Ag peaks. Neither Fe nor FeO, peaks are detected
in the XRD spectrum (Fig. 2a). After annealing
the as-prepared product under Ar at 350°C for
1.5h, peaks of Fe,O; appeared (Fig.2b). This
result indicates that the as-prepared product is a
mixture of amorphous Fe,O3 and nano-sized silver
particles. After annealing under pure H, at 300°C
for 1.5 h, the XRD patterns show only the peaks of
the iron and silver (Fig. 2¢). It is shown that the
iron in the nanocrystalline (NC) Fe/Ag is BCC
structure (JCPDS 6-696), while the silver is FCC
structure (JCPDS 4-783). Fig. 3 shows the XRD
patterns of NC Fe/Ag systems (Fe;oAgso,
FesoAgso and Fe;pAgyg, determined by EDAX).
The diffraction patterns reveal that the relative
height of the peaks at around 260 =44° are
strongly dependent on the Fe:Ag ratio. Though
the BCC Fe spectral lines overlap with some of the
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Fig. 3. XRD patterns of NC Fe/Ag systems: (a) Fe;0Agso; (b)
FesoAgso; (¢) FespAgro.
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Ag lines, separated peaks for Ag and Fe can still be
detected, especially at high 26 angle. After
annealing under pure H, at 300°C for 1.5h, the
average size of the silver particles increases up to
34nm from 19nm (deduced by employing the
Debye—Scherrer formula). These results indicate
that the sample is a mixture of NC Ag and Fe.

3.2. DSC and TGA

The DSC curves of the as-prepared sample
(Fig. 4) show that there are two exothermal peaks
at around 200°C and 310°C, respectively. We
attribute these peaks to the crystallization of
amorphous products in the sample. This
interpretation is based on the fact that when
the sample is cooled down (after it has been
heated) to room temperature and the DSC is
remeasured, the exothermic peaks are not ob-
served. From these results we conclude that the as-
prepared product is a mixture of amorphous
materials (iron oxide and partial silver) and
nanostructured silver particles. The crystallization
of the Fe,O3 is known to occur around 300°C,

therefore we attribute the 200°C exothermic peak
to the crystallization of silver.

Figs. 5(a, b and c) show the results of a magnetic
force measurement, obtained with a thermogravi-
metric balance, on the samples of NC Fe/Ag. The
apparent drop in mass detected around 570°C is
attributed to the Curie point (7;) of NC Fe in the
silver matrix. For the three samples of different
ratios of Fe and Ag, the T, is almost same. On the
other hand, in the TG curve of a NC Fe/Ag (50: 50),
in the absence of a magnetic field, there is no such
change (Fig. 5d), and a smooth line is detected.

3.3. SEM and TEM

Fig. 6 shows a typical SEM image of the as-
prepared sample (Fe:Ag=70:30). It depicts a
homogenous mixture of amorphous products and
NC Ag. All of the particles are aggregated in a
spongelike form, and therefore, it is difficult to
determine accurately the individual particle sizes.
(Figs. 7a, b, and ¢ show the TEM images of the
corresponding samples appearing in Figs. 2a, b,
and c, respectively). The as-prepared sample in

a
20
oW c
50 100 150 200 250 300 350 400 450 500 °C
/o | ! | | Ll [ L L ol .
— f — f f ' " * — — ——t
0 5 10 15 20 30 35 40 45 min

Fig. 4. The DSC curves of the as-prepared samples: (a) Fe;0Agso; (b) FesoAgso; (¢) FesoAgro.
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Fig. 5. TGA curves with and without a magnetic force measurement. (a), (b) and (c) were measured with a magnet; (d) was measured

without magnet.

Fig. 6. An SEM image of the as-prepared sample.

Fig. 7a shows the same crystalline particles dis-
perse in a spongelike material whose imaging
density is very low. Combining the XRD and the
DSC results leads to the conclusion that the well-
shaped particles are silver nanocrystals and the
sponge-like shapes are mixtures of amorphous
Fe,05 and amorphous Ag. Fig. 7b shows the as-
prepared sample annealed under Ar at 350°C for
2h. Based on the XRD results, the particles
observed are a mixture of Ag and Fe,O3. Fig. 7c
shows the reduced NC Fe/Ag sample, which is

prepared under pure H, at 300°C for 1.5h.
Although some NC Fe/Ag particles are aggre-
gated, the average size is still around 30 nm. The
TEM results indicate that the NC Fe/Ag alloy is
homogeneous.

3.4. Magnetization measurements

Fig. 8 is the room temperature magnetization
loop of nanocrystalline Fe/Ag (70:30) after
annealing the as-prepared Ag/Fe,O; product
under H, at 300°C. The curve shows that NC
Fe/Ag has the typical ferromagnetic characteris-
tics; the saturation magnetization, remanent mag-
netization, and coercivity field are 125emu/g,
17.5emu/g and 84 Gs, respectively. Considering
that there is 0.55g Fe in 1 g NC Fe/Ag if it has
70% Fe atoms and 30% Ag atoms, and that 1g
crystalline Fe has a 218 emu saturation magnetiza-
tion moment at room temperature, 0.55g crystal-
line Fe should have 120emu magnetic moment
under the intense applied field. Fig. 8 shows the
NC Fe/Ag sample with the saturation magnetiza-
tion 125 emu/g; it is in quantitative agreement with
the saturation magnetization deduced from the
atomic ratio of sample.
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Fig. 7. The TEM images of the samples (Fe: Ag=70:30). (a) The as-prepared sample; (b) the as-prepared sample, annealed under Ar
at 350°C for 2 h; (c) the as-prepared sample, annealed under H, at 300°C for 1.5h.
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Fig. 8. Magnetization loop of nanocrystalline Fe/Ag (70:30) at room temperature.

In order to enable measurements of electrical
resistivity and magnetoresistance of samples of
Ag.Fei_,, the powders were first pressed in the
form of solid pellets and then electrically wired for
customary four point measurements. The as-
prepared samples exhibited a semiconducting-like
behavior. After thermal annealing at 723K for 1 h
in a gas mixture of 80% N, and 20% H,, the
samples became metallic. Magnetoresistance of
annealed samples was measured at various tem-
peratures. The results observed for Agg soFeg 5o at
70K are shown in Fig. 9. It should be noted that
no special attempt was made to devise a composi-

tion of Ag/Fe for maximum MR. The purpose of
this study was mainly to demonstrate that the
negative magnetoresistance of the sonochemically
synthesized powders is similar in nature to that
found in granular metallic thin layers [30]. In both
cases, the MR originates itself by a spin scattering
mechanism. It is known that the highest MR
values may be obtained for a lower concentration
of nano-size ferromagnetic (Fe) particles [30].
Ferromagnetic resonance (FMR) measurements
of powder samples were carried out using a Bruker
EMX-220 digital X-band (9.40 GHz) spectrometer
equipped with a Bruker ER 4121VT temperature
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Fig. 9. Magnetoresistance of annealed Agj4sFeq 54 sample, measured at 77 K.
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Fig. 10. Electron magnetic resonance (EMR) linewidth, AH,,;, of annealed sample of Ag, 4cFeg s4 vs. T. The linewidth at the extreme

temperatures of our measurements are shown in the inset.

controller for the 100<7 <480K range. The
spectral processing and calculations of the para-
meters were performed by Bruker’s WIN-EPR
software. In order to avoid size effects and cavity
overloading, powder samples of several mg were
placed at the bottom of a 1 mm glass capillary tube
centered in the rectangular cavity. All measure-
ments were performed in the linear response
regime of microwave power of 200mW. As
expected, the FMR exhibits broad lines at low

temperatures that become narrower as T ap-
proaches T¢. The linewidth AHp, vs. temperature
in the 100 <7<480K range is shown in Fig. 10.
The double integrated intensity of the resonance
lines (DIN) is also presented in the same tempera-
ture range (see Fig. 11). The sharp decrease in
DIN around 480K may indicate that the major
volume of the sample is ferromagnetic below this
temperature. Above this temperature, a significant
part of the Fe particles starts to exhibit super-
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Fig. 11. Double integrated resonance signals vs. temperature.

paramagnetic behavior, which is consistent with
the results observed for AH,.

The Mossbauer spectra measured at 85 and/or
300K for the amorphous and crystalline Ag/Fe
samples are displayed in Fig. 12. Two sub-spectra
are observed (Fig. 12a) with a relative ratio of
7.4:1, corresponding to two equivalent Fe sites in
the as-prepared amorphous material. The major
sub-spectrum exhibits a broad doublet, which
clearly indicates that no long range magnetic
ordering is present. The hyperfine parameters of
this doublet (at 85K) are: IS=0.27(1) and quad-
rupole splitting 4=eqQ/2=1.10(1) mm/s, with a
common linewidth of 0.75(1) mm/s. This doublet
probably correspond to the non-magnetic
amorphous Fe,Oj; phase. In addition, the spec-
trum contains a minor broad sextet. The inter-
pretation of the sextet yields: IS=0.22(1) mm/s,
and the hyperfine magnetic splitting of
Hr = 505(2). The sextet does not show a quadru-
pole effect. The data obtained differ slightly from
the measured magnetic hyperfine field values
of  7y-Fe,Os;, which are: IS=0.24mm/s,
Her= 520(1) kOe, and an effective quadrupole
splitting of —0.20(1) mm/s [31].

Fig. 12b, shows the MS of Ag/Fe as-prepared
material after annealing under Ar at 350°C for
1.5h. The main information obtained from visual
and computer analysis is the presence of two
magnetic sextets with a relative ratio of 6:1. The
hyperfine parameters of the intense sextet are
exactly the same as the minor sextet in Fig. 12a.
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Fig. 12. Mossbauer spectra of the Agg 46Feo 54 samples: (a) the
as-prepared amorphous sample, measured at 85K; (b) the as-
prepared sample annealed at 350°C under Ar, measured at
85K; (c) the as-prepared sample reduced by H, a 300°C
measured at 300 K.

Thus, the major part of the sample is the crys-
talline y-Fe,O; phase. The hyperfine parameters
of minor sextet are: IS=-0.45(1)mm/s, and
Her = 360(2). This sextet does not also show a
quadrupole effect, and its origin has not yet been
determined.

On the other hand, a single well-defined sextet
(with IS=0 and 4 = 0) is obtained after annealing
the sample under H, at 300°C for 1.5h. The
magnetic hyperfine field at ambient temperature,
Hr = 336(2), indicates clearly the presence of
pure Fe metal. Thus, annealing under hydrogen
reduces y-Fe>Oj3 into pure Fe metal.
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3.5. Proposed mechanism for the NC FelAg

The chemical reactions driven by intense ultra-
sonic waves strong enough to produce cavitation
are oxidation, reduction, dissolution, and decom-
position [32-36]. Here, the reaction system has two
liquid phases: one is Fe(CO)s, organic phase; the
other is the aqueous phase Ag(NH;), . It is well
known that Fe(CO)s; will be decomposed into
amorphous Fe and CO under intense ultrasound
in the organic phase [24]. On the other hand, there
are three different regions formed during the
aqueous sonochemical process [37-39]: (a) the
inner environment (gas phase) of the collapsing
bubble, where elevated temperatures (several
thousands of degrees) and pressures (hundreds of
atmospheres) are produced, causing water to
vaporize and further pyrolyze into H and OH
radicals; (b) the interfacial region, where the
temperature is lower than in the gas-phase region,
but still high enough to induce a sonochemical
reaction; and (c) the bulk solution, which is at
ambient temperatures and which is where the
reaction between reactant molecules and OH' or
H' takes place. Among these three regions, it
appears that the sonochemical reaction occurs
within the interfacial region, yielding amorphous
materials, owing to the very high quenching rate
experienced by the products.

The formation mechanism for the mixture of
amorphous iron oxide and silver nanoparticles
takes into consideration the radical species gener-
ated from water molecules by the absorption of
ultrasound (Eq. (1))

H,O — H +OH.. (1)

A possible pathway for the formation of iron
oxide, Fe>Os, could be the partial oxidation of Fe
by secondary species formed by the recombination
of H and OH radicals. In the absence of any
additives or scavengers, H and OH radicals readily
recombine to yield a variety of products, as shown
in Eq. (2) [36].

2H'/20H - H,/H,0,/H,0. )

The oxidant H,O, thus generated can initiate
the oxidation of iron metallic clusters into iron

oxide (Eq. (3)):
Fe° + H,O, — Fe,O53+H,0. 3)

At the same time, Ag(NH3); ions are reduced
by partial initial iron into silver nanoparticles
(Eq. (4)). We have to point out that we chose the
complex, Ag(NH3), , instead of AgNOs, because
the complex can slow down the reaction with
Fe(CO)s.

Ag(NH,); +FeFe* +Ag 4 2NH;. 4)

Reactions (3) and (4) occur at the same time,
resulting in the mixture of amorphous Fe,O3; and
Ag nanoparticles, which are homogeneous.

In the post-reduction process, the homogeneous
mixture is easy to reduce into a NC Fe/Ag system
under pure H, at a relatively low temperature
(300°C). Although the particles grow bigger, the
average size is still around 30 nm.

4. Conclusion

Amorphous iron is obtained when Fe(CO)s is
decomposed in an organic solvent. In an aqueous
solution, Fe,Oj3 is obtained, and therefore in the
process of preparing the Fe/Ag alloy, an addi-
tional step, the reduction of the oxide, is required.
The TEM pictures show that while for the Ag/
Fe,O; mixture a nonhomogeneous material is
obtained, the nanophased alloy Ag/Fe is comple-
tely homogeneous. It seems that while silver and
iron are known not to disssolve on the nanoscale
level, good miscibility is obtained.
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