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ABSTRACT

The work described in this grant report was focused mainly on the properties of novel
magnetic intermetallics. In the first project, we synthesized several 2:17 intermetallic
compounds, namely Nd,Fe;sSi,, Nd,Fe;sAl,, Nd,Fe;sSiAl and Nd,Fe;sSiMn, as well as several
1:12 intermetallic compounds, such as NdFe;(Si,, NdFe pAl,, NdFe (SiAl and NdFe;(MnAl. In
the second project, seven compositions of NdyFejp.x.yBy ribbons were prepared by a melt
spinning method with Nd and B content increasing from 7.3 and 3.6 to 11 and 6, respectively.
The alloys were annealed under optimized conditions to obtain a composite material consisting
of the hard magnetic Nd;Fe ;4B and soft magnetic a-Fe phases, typical of a spring magnet
structure. In the third project, intermetallic compounds of the type Zr,Cr,Fe; Ty g with T=Al, Co
and Fe were subjected to hydrogenation. In the fourth project, we performed three crucial
experiments. In the first experiment, we subjected a mixture of Fe;O4 and Fe (80-20 wt %) to
mechanochemical activation by high-energy ball milling, for time periods ranging from 0.5 to 14
hours. In the second experiment, we ball-milled Fe;04:Co”" (x=0.1) for time intervals between
2.5 and 17.5 hours. Finally, we exposed a mixture of Fe;Os and Co (80-20 wt %) to
mechanochemical activation for time periods ranging from 0.5 to 10 hours. In all cases, the
structural and magnetic properties of the systems involved were elucidated by X-ray diffraction
(XRD), Mossbauer spectroscopy and hysteresis loop measurements. The four projects resulted
in four papers, which were published in Intermetallics, IEEE Transactions on Magnetics, Journal
of Materials Science Letters and Materials Chemistry and Physics. The contributions reveal for
the first time in literature the effect of substitutions on the hyperfine magnetic field of
neodymium-based intermetallics, the correlation between structure and magnetic properties in
spring magnets, the unique effects induced by hydrogenation on the hyperfine parameters of

iron-rich intermetallics and the characteristics of the ball milling process in systems containing



magnetite.

In a different project, nanostructured magnetite/T multilayers, with T = Ni, Co, Cr, have
been prepared by pulsed laser deposition. The thickness of individual magnetite and metal layers
takes values in the range of 5 - 40 nm with a total multilayer thickness of 100 -120 nm. X-ray
diffraction has been used to study the phase characteristics as a function of thermal treatment up
to 550 °C. Small amounts of maghemite and hematite were identified together with prevailing
magnetite phase after treatments at different temperatures. The mean grain size of magnetite
phase increases with temperature from 12 nm at room temperature to 54 nm at 550 °C. The
thermal behavior of magnetite in multilayers in comparison with powder magnetite is discussed.
These findings were published in peer-reviewed conference proceedings after presentation at an
international materials conference.

Within the frames of another project, structural and morphological characteristics of (1-
x)a-Fe,03-xSn0; (x=0.0-1.0) nanoparticles obtained under hydrothermal conditions have been
investigated by X-ray diffraction (XRD), transmission Mdssbauer spectroscopy, scanning (SEM)
and transmission electron microscopy (TEM) as well as energy dispersive X-ray analysis (EDX)
[1-13]. On the basis of the Rietveld structure refinements of the XRD spectra at low tin
concentrations, it was found that Sn*" ions partially substitute for Fe’" at the octahedral sites and
also occupy the interstitial octahedral sites which are vacant in a-Fe,O3 corundum structure. A
phase separation of a-Fe,O3 and SnO, was observed for x > 0.4: the a-Fe,Os structure containing
tin decreases simultaneously with the increase of the SnO, phase containing substitutional iron
ions. The mean particle dimension decreases from 70 nm to 6 nm, as the molar fraction x
increases up to x=1.0. The estimated solubility limits in the nanoparticle system (1-x)a-Fe,Os-
xSnO; synthesized under hydrothermal conditions are: x < 0.2 for Sn*" in o-Fe>O3 and x > 0.7 for

Fe’™ in SnO,. These findings were published in the Journal of Physics and Chemistry of Solids.
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Tin-doped hematite nanoparticles (1-x)a-Fe,O3-xSnO, were synthesized again using the
hydrothermal method. The samples were characterized using Mossbauer spectroscopy as a
function of the substitution level x. The recoilless fraction was determined using the dual
absorber method introduced by us [M. Sorescu, Mater. Lett. 54 (2002) 256]. It has been
observed that the recoilless fraction of the hematite samples first decreases with increasing the
amount x of tin substitution, then increases as iron enters the SnO, lattice and finally, it slightly
decreases again as the particle size of the nanoparticles decreases.

In a related work, a-Fe,O3-In,O3; mixed oxide nanoparticles system has been synthesized
by  hydrothermal supercritical and  postannealing route, starting with  (1-
x)Fe(NO3);.9H,0.xIn(NO3)3.5H,0 aqueous solution (x=0-1). X-ray diffraction and Mossbauer
spectroscopy have been used to study the phase structure and substitutions in the nanosized
samples [14-34]. The concentration regions for the existence of the solid-solutions in the a-
Fe;03-InyO3 nanoparticle system together with the solubility limits of In** ions in the hematite
lattice and of Fe*' ions in the cubic In,Os structure have been evidenced. In general, the
substitution level is considerably lower than the nominal concentration x. A justification of the
processes leading to the formation of iron and indium phases in the investigated supercritical
hydrothermal system has been given.

In a different project we proposed to study the structural and magnetic properties of o-
Fe/Nd,Fe 4B magnetic multilayers obtained by pulsed laser deposition (PLD) [35-43]. The a-Fe
and Nd,Fe 4B sputtering targets were obtained from Goodfellow Corporation. The PLD process
was conducted with a KrF excimer laser having a wavelength of 248 nm and a pulse width of 8
ns. The laser delivered 450 mJ/pulse at a repetition rate of 10 Hz. For each laser pulse, a fluence

at target of about 3 J/cm® was obtained. The multilayered films were deposited on (100) Si
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wafers, then measured and subsequently annealed before new measurements were performed.

Spring magnets of the type a-Fe/Nd,Fe ;4B consist of a soft phase (a-Fe) and a hard
phase (Nd;Fe;4B), which are exchange coupled. These nanocomposite magnetic materials
exhibit high magnetic remanence, high coercivity, high energy product and low cost [44-54]. In
these nanostructures, the enhancement of magnetic properties is related to the exchange coupling
between hard and soft nanograins. In the final project we proposed to study the effect of Co
substitutions on the structural and magnetic properties of spring magnets. We employed X-ray
diffraction (XRD) and Mdossbauer spectroscopy to characterize the main features of Co additions
and in particular, to answer the question of whether Co enters the soft phase or the hard phase.
Three compositions of spring magnets, Nd;FespcCo26Bss, NdjosFers4Cos3Bsg and
Nd;oFes6.5Co79Bs e were prepared by arc melting and annealed for 3 min at 690, 720, 755 and
775°C.

Consequently, this grant deals with several synthetic methods to obtain advanced
magnetic materials (hydrothermal method, mechanochemical synthesis and laser ablation) and
several characterization techniques, such as X-ray diffraction, Mdssbauer spectroscopy,

magnetometry and electron microscopy.
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LIST OF GRAPHICAL MATERIAL

FIG. 1. Recoilless fraction of the tin-doped hematite nanoparticle system as function of the

amount x of tin substitution.

FIG. 2. Phase balance in the supercritical hydrothermal samples after the thermal treatment at
500 °C for one hour, as resulted from XRD spectra. Phase index: (®) Hy, isostructural with a-

Fe,03; (0) By, isostructural with cubic phase In,Os.

FIG. 3. Conversion electron Mossbauer spectra of the a-Fe/Nd,Fe 4B multilayers obtained for
an ablation time of (a) 15 min; (b) 30 min and (¢) 60 min for each target. In (A)-(C) the

hyperfine magnetic field distributions extracted from the CEMS spectra are given.

FIG. 4. Room temperature transmission Mdssbauer spectra of Nd;;Fego ¢C0,.¢Bs g after annealing
at (a) 690 and (b) 755°C. In Fig. 2 (A) and (B) the corresponding hyperfine magnetic field

distributions are given.



INTRODUCTION

The introductory statements for intermetallics were presented in previous reports.

Due to their sensing properties in detection of dangerous gases, much attention has been
devoted recently to the study of semiconducting oxides. Enhanced gas sensing properties are
associated with nanostructured semiconductive oxides, due to their high surface areas and
activities. The nanostructured oxide system (1-x)a-Fe,O3-xSnO;, has been synthesized by
various methods, especially at low tin content.

Most recently, we investigated the structural, magnetic and morphological characteristics
of (1-x)a-Fe;03-xSnO, nanoparticles obtained by hydrothermal synthesis using X-ray
diffraction, Mossbauer spectroscopy, scanning and transmission electron microscopy as well as
energy dispersive X-ray analysis. We found that Sn*" ions partially substitute for F ¢’ at the
octahedral sites. For x>0.4, a phase separation of a-Fe,O3; and SnO, was observed.

However, there is still persisting controversy on the site preference of substitutions in this
system. One way to overcome this difficulty is to follow the variation of the Mdossbauer
recoilless fraction f of the (1-x)a-Fe,O3-xSnO; system as function of the substitution level x.

The classical method for determination of the recoilless fraction is believed to be
inaccurate, due to the large errors associated with the determination of the Debye temperature.
Recently, we proposed a new method for the direct determination of the recoilless fraction using
a single room-temperature Mdssbauer measurement of a two-foil absorber. In this work we
applied the dual absorber method to obtain the recoilless fraction of the tin-doped hematite
nanoparticles as function of the substitution level x. The results are correlated with the lattice
occupancy of the Fe atoms.

Owing to their potential uses in micro and optoelectronics or as sensing materials, the



fabrication of nanosized oxides has attracted significant interest in the last decade. A large
number of oxides such as SnO,, In,Os, TiO,, Fe;O3;, and mixed oxides were reported to be
sensitive to certain gas species. In particular, improved sensing properties have been obtained in
the mixed system indium oxide-alpha iron oxide.

Indium oxide has two crystalline structures: the cubic lattice, known as bixbyite structure
and the rhombohedral or corundum structure. The cubic In,O3 phase, in powder form, has been
prepared by different methods such as chemical coprecipitation followed by annealing and
calcination. The corundum structure In,Os is a high pressure modification of indium oxide,
which implies difficulties in the experimental steps and consequently has been hardly ever
produced. In a previous paper we reported on the possibility to obtain the corundum structure
In,O3 by a hydrothermal and post annealing route, at moderate temperatures and pressures (200
°C and 15 atm).

The corundum structure of a-Fe,O; (hematite) is based on hexagonal close packing of
oxygen with iron in 2/3 of the octahedral vacancies. At room temperature hematite is a weak
ferromagnet. The preparation methods of hematite include solid phase reaction of iron
hydroxides, chemical wet methods and the hydrothermal method.

In,O3 and Fe,O; exhibit only a partial solid solubility at atmospheric pressure. In the
system In,.,Fe,Os, the bixbyite cubic structure of In,O3 occurs in the concentration range 0<y
<0.87 and the corundum structure at values of y only slightly less than 2. Nevertheless, at
elevated pressure the system forms a complete solid solution series having the corundum
structure. In the a-Fe,Os—In,0O3 system prepared by coprecipitation followed by annealing it was
found that indium and iron substituted oxide phases, (Fe;xIny),0s, isostructural with a-Fe,O; or
cubic In,O;3 are present in a wide indium concentration range. However, the solid solution in the

Fe,03-In,O; system occurs in narrow concentration regions at iron-rich area and at indium-rich
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area (limited at x=0.1 for Indium in a-Fe,O3 and from x=0.8 to x=1.0, for Iron in In,03). In the
(In;_Fe,)>03; samples obtained at 1500 °C in air the solubility of Fe,O3 in In,O3 was found to be
limited at z=0.33.

With the goal to obtain the mixed oxide a-Fe,O3;—In,O; particle system, at nanometric
scale in an extended solubility range, this paper is aimed at studying the behavior of
(1-x)Fe(NO3)3.9H,0.xIn(NO3)3.5H,0 water solution (x=0.0-1.0), under supercritical conditions.
X-ray diffraction (XRD) on powder as well as the Mdssbauer transmission spectroscopy methods
have been used to investigate the supercritical hydrothermal reaction products. Indium
substituted hematites and Iron substituted cubic indium oxide together with a small amount of
InOOH are formed in the supercritical hydrothermal system. By annealing, the InOOH phase
dehydrates to bixbyite indium oxide. The solubility of indium in the hematite phase and
respectively of iron in the bixbyite structure are evidenced and discussed. The oxide phase
crystallization under hydrothermal conditions is explained in terms of hydrolysis processes.

Spring magnets of the type a-Fe/Nd,Fe;4sB consist of a soft (a-Fe) magnetic phase
embedded into a hard (Nd;Fe 4B) magnetic phase, which results in a high remanent polarization
provided that the particles are small and strongly exchanged coupled. This type of structure can
also be obtained through a multilayered two-phase magnet, consisting of thin alternating soft and
hard magnetic layers. These a-Fe/Nd,Fe;4B nanocomposite magnetic materials exhibit high
magnetic remanence, high coercivity, high energy product and low cost. In these nanostructures,
the enhancement of magnetic properties is related to the exchange coupling between hard and
soft nanograins. In this project we propose to study the effect of Co substitutions on the
structural and magnetic properties of spring magnets. We employ X-ray diffraction (XRD) and
Maossbauer spectroscopy to characterize the main features of Co additions and in particular, to

answer the question of whether Co enters the soft phase or the hard phase.
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EXECUTIVE SUMMARY

In the first project, we synthesized several 2:17 intermetallic compounds, namely
Nd,Fe;5Si;, Nd>FeisAl,, NdyFe 5SiAl and Nd,Fe sSiMn, as well as several 1:12 intermetallic
compounds, such as NdFe;oSiy, NdFe;oAl,, NdFe (SiAl and NdFe;(MnAl. The substitutional
effect on their magnetic properties was studied by Mossbauer spectroscopy using hyperfine
magnetic field distributions. The structural properties of both classes of intermetallics were
investigated using XRD. For both symmetries involved, it was found that Al and especially, Mn
substitutions lower the value of the net magnetic moment, while Si additions correlate with high
values of the average magnetic field and consequently, magnetic moment.

In the second project, seven compositions of NdyFeio.«.yBy ribbons were prepared by a
melt spinning method, with Nd and B content increasing from 7.3 and 3.6 to 11 and 6,
respectively. The alloys were annealed under optimized conditions to obtain a composite
material consisting of the hard magnetic Nd,Fe ;4B and soft magnetic a-Fe phases, typical of a
spring magnet structure. Phase analysis was performed by X-ray diffraction and Mdssbauer
spectroscopy, in order to obtain the hyperfine magnetic fields and site populations. In all alloys,
the NdyFe;sB and a-Fe phases were formed due to annealing. However, in the case of
Nd; FegsBgs alloy with the highest Nd content a significant amount of the Nd;;FesBs
paramagnetic phase was observed. In the studied set of alloys, the highest fraction of the a-Fe
phase (about 30 %) was obtained for the Nd;3Fegy B3¢ alloy. The formation of the exchange
coupled material was checked by hysteresis loop measurements at room temperature in all cases.

In the third project, intermetallic compounds of the type Zr,CrFe T s with T=Al, Co and
Fe were subjected to hydrogenation. The structural and magnetic properties of these
intermetallic compounds and their hydrides were studied by Mdssbauer spectroscopy at room
and liquid helium temperatures. The effects observed to be induced by hydrogenation ranged
from changes in site populations and onset of crystallographic disorder to enhancement of weak
ferromagnetism in the compound with Fe.

In the fourth project, we performed three crucial experiments. In the first experiment, we
subjected a mixture of Fe;O4 and Fe (80-20 wt %) to mechanochemical activation by high-
energy ball milling, for time periods ranging from 0.5 to 14 hours. Complementary XRD and
Mossbauer spectroscopy data demonstrated a phase transformation of magnetite to hematite,
accompanied by a partial oxidation of iron to hematite. The reaction can be used to obtain
nanometer-size magnetite by ball milling, due to the inhibition of its transformation to hematite,
caused by the presence of iron atoms. In the second experiment, we ball-milled Fe;04:Co*"
(x=0.1) for time intervals between 2.5 and 17.5 hours. Our XRD and Md&ssbauer measurements
showed that the cobalt-doped magnetite undergoes a phase transformation to hematite, which is
actually cobalt-doped hematite. We were able to show herewith that the Co ion is not kicked out
of the lattice during the milling process, but undergoes the phase transformation inside the
hematite lattice.  Finally, we exposed a mixture of Fe;O4 and Co (80-20 wt %) to
mechanochemical activation for time periods ranging from 0.5 to 10 hours. The XRD and
Mossbauer results are consistent with the formation of cobalt ferrite (a strongly Co-substituted
magnetite), with the occurrence of hematite as an intermediate product. In all three cases, the
milling-induced phase transformations started with a considerable disorder of the octahedral
sublattice of magnetite.

The four projects summarized here resulted in four papers, which were published in
Intermetallics, IEEE Transactions on Magnetics, Journal of Materials Science Letters and
Materials Chemistry and Physics.

An alternate project proposes and achieves the laser ablation deposition of Fe;O4/T
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multilayers, with T=Ni, Cr and Co. The total thickness of the multilayers was about 100 nm,
with individual layer thickness in the range 5-40 nm. The multilayers were subjected to
postdeposition annealing at temperatures up to 550°C. We used X-ray diffraction in order to
characterize the phase characteristics as a function of thermal treatment. The average grain size
of magnetite phase was found to increase from 12 nm at room temperature to 54 nm at 550°C.
Finally, we provide a direct comparison between the thermal behavior of magnetite in
multilayers and that of bulk magnetite.

The next work proposes and achieves the hydrothermal synthesis of (1-x)a-Fe;O3-xSnO,
(x=0.0-1.0) nanoparticles. The system has been investigated by X-ray diffraction (XRD),
transmission Mossbauer spectroscopy, scanning (SEM) and transmission electron microscopy
(TEM) as well as energy dispersive X-ray analysis (EDX). Based on the Rietveld structure
refinements of the XRD spectra at low tin concentrations, it was found that Sn*" ions partially
substitute for Fe’" at the octahedral sites and also occupy the interstitial octahedral sites which
are vacant in a-Fe;Os corundum structure. For x>0.4, a phase separation of a-Fe,O3; and SnO,
was observed: the a-Fe,O; structure containing tin decreases simultaneously with the increase of
the SnO; phase containing substitutional iron ions. As determined from TEM, the mean particle
dimension decreases from 70 nm to 6 nm, as the molar fraction x increases up to x=1.0. The
recoilless fraction was determined using the dual absorber method introduced by us [M. Sorescu,
Mater. Lett. 54 (2002) 256]. It has been observed that the recoilless fraction of the hematite
samples first decreases with increasing the amount x of tin substitution, then increases as iron
enters the SnO, lattice and finally, it slightly decreases again as the particle size of the
nanoparticles decreases.

a-Fe,03-In,O3 mixed oxide nanoparticles system has been synthesized by hydrothermal
supercritical and postannealing route, starting with (1-x)Fe(NOs3);.9H,0.xIn(NOs);.5H,0
aqueous solution (x=0-1). X-ray diffraction and Mdssbauer spectroscopy have been used to
study the phase structure and substitutions in the nanosized samples. The concentration regions
for the existence of the solid-solutions in the a-Fe;O3-In,O3 nanoparticle system together with
the solubility limits of In’" ions in the hematite lattice and of Fe’" ions in the cubic InyOs
structure have been evidenced. In general, the substitution level is considerably lower than the
nominal concentration x. A justification of the processes leading to the formation of iron and
indium phases in the investigated supercritical hydrothermal system has been given.

We proposed to study the structural and magnetic properties of a-Fe/Nd,Fe ;4B magnetic
multilayers obtained by pulsed laser deposition (PLD). We employed X-ray diffraction (XRD)
and conversion electron Mossbauer spectroscopy (CEMS) to characterize the main features of
the a-Fe/Nd,Fe 4B multilayer systems. In this work we also proposed to study the effect of Co
substitutions on the structural and magnetic properties of spring magnets. We employed X-ray
diffraction (XRD) and Mdssbauer spectroscopy to characterize the main features of Co additions
and in particular, to answer the question of whether Co enters the soft phase or the hard phase.
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EXPERIMENTAL

Experimental details for the intermetallics were given in a previous report.

Hydrothermal synthesis of the system (1-x)a-Fe,O3-xSnO, (x=0.0-1.0) was performed in
a 50 mL stainless steel autoclave, starting with an aqueous mixture of iron (III) chloride
hexahydrate, FeCl; 6H,O and of tin (IV) chloride pentahydrate, SnCl4 5H,O. A 25% ammonium
hydroxide solution was used as precipitation agent to attain a pH equal to 8. The suspension was
heated in autoclave at 200°C for 4 hours and then quenched to room temperature. The
corresponding vapor pressure at 200°C was about 15 atm. The resulted precipitate was filtered,
washed with water until no chloride ions were detected by silver nitrate solution and then dried
in a furnace at 105°C.

Room temperature transmission Mdssbauer spectra were recorded using a >'Co(Rh)
source and an MS-1200 constant acceleration spectrometer. The absorbers consisted of a
sandwich between the (1-x)a-Fe;O3;-xSnO, powder and the natural iron etalon foil, with equal
masses. All spectra were analyzed by least squares fitting using the NORMOS program.

A series of 0-Fe,Os3-In,O; samples were prepared under hydrothermal supercritical
conditions. The syntheses were performed in a stainless steel high pressure cell starting with
(1-x)Fe(NO3)3.9H,0.xIn(NO3);3.5H,0 aqueous solution (x=0-1). The reaction cell is a stainless
steel cylinder of 220 mm length, 25 mm diameter and a corresponding inner volume of about 24
mL. The temperature control was assured by a proportional controller with an accuracy of +
2°C, by using a chromel-alumel thermocouple. In all experiments the filling factor was 0.5. The
precursors used in the hydrothermal syntheses were iron (III) nitrate nanohydrate (Merck,
analytical grade reagent) and indium (III) nitrate pentahydrate (Aldrich, 99.99%).

Corresponding amounts of both nitrates were separately dissolved in distilled water. The
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aqueous solutions were mixed by adding the iron nitrate solution to the indium nitrate solution,
then introduced into the reaction cell, heated up to 400°C with a heating rate of 10°C/min. and
kept at this temperature for 4 hours. The corresponding pressure was 300 MPa. In all
experiments the total nitrate concentration of the final solution was 0.5 M. After cooling to room
temperature, the resulted precipitate was washed with distilled water and separated by centrifugal
method. The incorporated water was removed with acetone and finally, the reaction product was
dried at 50°C in air. Owing to the nature of the synthesis process, the accurate substitution level
could not be consistently predicted and x values represent the nominal indium molar
concentrations.

The structure of as-resulted powders was examined with a Rigaku D-2013 X-ray
diffractometer using CuK, radiation (A = 1.540598 A). The *’Fe Mdssbauer spectra were
recorded at room temperature using a source of °’Co in Rh matrix and an MS-1200 constant
acceleration spectrometer. The sample thickness was 7 mg Fe/cm®. The thermal treatments
(Rapid temperature furnace, Bloomfield N. J.) were performed in ambient atmosphere, at 500 °C,
for one hour. After annealing, the samples were cooled to room temperature and investigated by
XRD and Mgssbauer spectroscopy.

The a-Fe and Nd,Fe 4B sputtering targets were obtained from Goodfellow Corporation.
The PLD process was conducted with a KrF excimer laser having a wavelength of 248 nm and a
pulse width of 8 ns. The laser delivered 450 mJ/pulse at a repetition rate of 10 Hz. For each
laser pulse, a fluence at target of about 3 J/cm® was obtained. The multilayered films were
deposited on (100) Si wafers, then measured and subsequently annealed before new
measurements were performed. We employed X-ray diffraction (XRD) and conversion electron
Mossbauer spectroscopy (CEMS) to characterize the main features of the a-Fe/Nd,Fe 4B

multilayer systems. XRD measurements were performed using a Rigaku D-2013 diffractometer
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with Cu K, radiation at A=1.5404 A. CEMS measurements were made with a constant
acceleration spectrometer. The 50 mCi gamma ray source was ~ Co in Rh matrix, maintained at
room temperature. A He-6 % CHj gas-flowed electron counter was used. All spectra were
analyzed with the NORMOS-DIST program, which uses the histogram method to obtain the
hyperfine magnetic field distributions.

Three compositions of spring magnets, Nd;;FegysC026Bss, NdjosFess4Cos3Bsg and
Nd;oFes6.5Co79Bs e were prepared by arc melting and annealed for 3 min at 690, 720, 755 and
775°C. XRD measurements were performed using a Rigaku D-2013 diffractometer with Cu K
radiation at A=1.5404 A. Transmission Mdssbauer measurements were made with a constant
acceleration spectrometer. The 50 mCi gamma ray source was > Co in Rh matrix, maintained at
room temperature. All spectra were analyzed with the NORMOS-DIST program, which uses the

histogram method to obtain the hyperfine magnetic field distributions.
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RESULTS AND DISCUSSION

1. Recoilless fraction of tin-doped hematite nanoparticles

We recorded the room temperature transmission Mdssbauer spectra of the (1-x)a-Fe,Os-
xSnO, system with the natural iron foil, corresponding to values of x=0.0, 0.1, 0.2 and 0.3,
respectively. All spectra were analyzed considering two sextets. One sextet corresponds to the
iron foil and the other stands for the tin-doped hematite system. The amount of hematite was
found to decrease with increasing the amount x of tin substitution.

We also measured the room temperature transmission Mdssbauer spectra of the (1-x)a-
Fe;03-xSn0O, system with the natural iron foil, corresponding to values of x=0.4, 0.5, 0.6, 0.7
and 0.8, respectively. All spectra were fitted with a sextet, corresponding to the iron foil and a
doublet, representing the Fe atoms in the SnO, structure.

As it has been demonstrated by us, the recoilless fraction in a dual absorber experiment
can be calculated from the relative areas of the subspectra and the corresponding molar masses,
according to the formula Arpe/Anem=(Uhem/Ure)(fre/fhem). The values obtained for fie, are plotted
in Figure 1 as function of the substitution level x. It can be seen that the recoilless fraction of the
(1-x)a-Fe,03-xSn0; system decreases from 0.76 to 0.12 for x<0.4, due to tin substituting iron in
the hematite structure. For 0.4<x<0.6 the recoilless fraction increases from 0.12 to 0.28, due to
iron substituting tin in the SnO, lattice. Moreover, the recoilless fraction of the nanoparticle
system decreases again from 0.28 to 0.2 for 0.6<x<0.8, as effect of the reduction of particle size
in the structure [9].

Consequently, this study on the recoilless fraction of the tin-doped hematite nanoparticle
system supports the substitutional model as opposed to interstitial occupancy of sites in this
structure.
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Figure 1
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II. Hematite-indium oxide mixed nanoparticles

The X-ray diffraction patterns of the supercritical hydrothermal samples have been
analyzed to study the phase structure in relation with indium concentration x in the system.
XRD spectra from all concentration range were recorded. At x=0 the XRD spectrum
corresponds to pure a-Fe,O; (Inorganic Crystal Structure Database (ICSD), code 15840, S.G.
167, R32/c) synthesized under hydrothermal supercritical conditions from Fe(NO3);.9H,0O. By
increasing indium content in the hydrothermal system, the hematite lines change in both
positions and intensities and some other phases can be identified in the XRD spectra. In the
following, the modified hematite phases will be named Hx phases. At x=0.1 the XRD pattern
can be indexed with Hy lines only while at x=0.2 beside the prominent Hx phase, small peaks
corresponding to indium oxyhydroxide, InOOH (ICSD code 24093, S.G. 58, Pnnm) can be
observed. Bixbyite-like cubic structure (Bx in what follows) of In,Os (ICSD code 14388, S.G.
206, 1a3) appears at x=0.3 in extend of approximately 2% together with InOOH and still
prevailing hematite-like phase. At higher indium molar concentrations, a decrease of Hy phase
accompanied by an increase of indium oxide, Bx phase was observed. The relative abundance of
InOOH is about 8-11%. In the concentration range x=0.8-0.9 the dominant component in the
XRD pattern is the By phase, but the Hy phase and indium oxihydroxide still exist in significant
amounts. At x=1 the prevailing component in the XRD spectrum, cubic In,Os, is still
accompanied by indium oxyhydroxide phase. The transformation into bixbyite phase is not
completed at 4 hours of supercritical hydrothermal treatment. @ The same degree of
transformation was also found for longer treatment times (up to 8 hours).

The refinement of XRD spectra indicates an increase of lattice parameters a and c of the
a-Fe,Os structure as the Indium molar content x increases up to x~0.7 in the hydrothermal

system. Since the radius of In’" ion is greater (=0.94 A) than the radius of Fe’ ion (=0.79 A),
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this behavior is an argument for the dissolution of indium ions in the hematite lattice. The *'Fe
Mossbauer spectra were recorded at room temperature on the samples with x=0.1, 0.5 and 0.7.
In agreement with XRD results, the six line Mdssbauer pattern obseved belongs to hematite like
structure. The observed increase in the line width accompanied by the lowering of the magnetic
hyperfine fields, as the indium content x increases, suggests the presence of In*" in the hematite
lattice. The best fit of the spectra was obtained by using a distribution of magnetic hyperfine
fields caused by the substitution of Fe’" by In’" ions in the hematite lattice. The probabilities of
magnetic hyperfine fields given by the computer fit were derived. The shift of the maximum
probability toward smaller values of magnetic hyperfine field together with the increasing
broadening of the distributions as the x values increase, support the hypothesis of indium
substituting iron in the hematite lattice. Therefore, a solid solution of the type a-(Fe;«Iny),03,
Hy, isostructural with a-Fe,O3, develops in the concentration range 0<x<0.7, in the supercritical
hydrothermal system iron nitrate—indium nitrate at 400 °C.

A decrease of the bixbyite lattice parameter a, versus iron concentration (1-x), was found
in the indium-rich area 0.7<x<l. Taking into account the ionic radius difference between Fe’*
and In’", this behavior supports the presence of iron ions in the cubic lattice of InyOs.
Consequently, one can infer the crystallization of a cubic phase, c-(Fe;«Iny),0s, By, isostructural
with bixbyite structure In,Os, in the studied hydrothermal system. XRD analyses reveal the
presence of this phase in the concentration range 0.3<x<1. The small increase of the In,O3 cubic
lattice parameter (<=0.4 %), by decreasing the iron content in the hydrothermal system, suggests a
rather limited dissolution of the iron atoms in the bixbyite indium oxide lattice. This behavior is
also supported by the Mdssbauer spectra of samples at x=0.8 and 0.9, showing only the typical
hematite-like sextet.

Rietveld structure refinements have been performed in order to obtain information
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concerning the site occupancy. In the hematite structure, the Fe’* ions with coordinates of (0, 0,
z) occupy 2/3 of the octahedral holes in successive oxygen layers, and 1/3 of the octahedral holes
with coordinates of (0, 0, 0) is empty. In the case of our samples, the best fit with experimental
data has been obtained considering the indium ions only in substitutional (0, 0, z) sites of the
hematite corundum type structure. In the cubic indium oxide structure, there are two
crystallographically nonequivalent indium atoms sites. No site preference of Fe’* substituting
In** ions in this phase has been revealed during XRD spectra refinement.

Generally, the substitution degrees resulting from the XRD refinement are sensible lower
(up to 40 %) than the nominal concentrations x, the difference coming from the indium or iron
phases which are formed simultaneously in the supercritical hydrothermal system. We deduced
the phase structure balance in the studied system, as resulted from XRD spectra evaluation. The
particle dimensions were determined for hematite and bixbyite phases using the Scherrer
equation. For all samples the mean particle dimension belongs to the range of 30-40 nm. A
slight decrease, from 40 nm to 30 nm, was evidenced by increasing the indium content x in the
hydrothermal system.

A thermal treatment at 500 °C, for 1 hour, was performed for the as resulted supercritical
hydrothermal samples. A complete disappearance of InOOH phase from the XRD spectra has
been observed. This behavior suggests that cubic phase In,O3; comes from InOOH either by
hydrothermal processing or by the thermal treatment of hydrothermally crystallized Indium
oxyhydroxide. The lattice parameters a and C of the indium substituted hematite phase versus
indium molar concentration x were derived. The increase of lattice parameters as the indium
concentration in the system increases supports the presence of indium atoms in the hematite like
structure. A phase balance for the samples calcinated at 500 “C for one hour is presented in

Figure 2.
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We have to remind that both indium oxide and hematite phases obtained under
supercritical conditions in the (1-x)Fe(NO3);.9H,0.xIn(NO3)3.5H,0 water solution, for x values
different from 0 and 1, are substituted oxides containing iron and indium ions, respectively. The
formation of the iron and indium solid species, identified by XRD spectra analysis, could be
explained by the hydrolysis reactions taking place at elevated temperatures in acidic aqueous
solutions of the corresponding nitrate mixtures. The hydrolysis equilibria are different for the
two metal nitrates. Musi¢ et al. proposed a mechanism for the precipitation of iron oxides or
hydroxides by forced hydrolysis of iron (III) salts containing CI, NO;™ or SO4* anions. The
process involves several stages and depends on the nature and concentration of the iron
compound, pH, temperature and reaction time. The precipitate formed in iron (III) nitrate
solutions at various concentrations was only o-Fe,O; phase. In our experiments the nitrate
solutions were heated slowly up to 400 °C. In agreement with this mechanism, our XRD results
support a complete hydrolysis equilibrium shift toward the formation of hematite. Over the
critical point its solubility decreases drastically and it segregates out in the system as precipitate.
In the case of indium nitrate solutions, making analogy with the aluminium nitrate solutions
behavior under supercritical conditions, we can assume that the reaction equilibrium changes
with temperature, leading to the formation of indium hydroxides or oxide. As it was observed in
our hydrothermal synthesis experiments, at relatively low temperature (=200 °C), by association
of metal cation and hydroxil anion, the following reaction is possible:

In(NO3); + 3 H,O < In(OH); + 3HNOs; (1)
At higher temperatures the dehydration processes become predominant:
In(OH); < InO (OH) + H,O (2)
2InO (OH) < In,03 + H,0 3)
As we observed, even after 8 hours of hydrothermal treatment at 400 °C of a 0.5M indium nitrate
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solution the equilibrium (3) is not completely shifted to the indium oxide precipitation; both
indium solid phases are present and indium oxihydroxide content is still important. The
annealing process at 500 °C, for one hour, leads to the dehydration of indium oxihydroxide with
the formation of bixbyite phase indium oxide. In the limit of the solubility level at the working
temperature, In’" ions can substitute Fe’" ions in the hematite lattice, up to the nominal
concentration x=0.7 of indium nitrate in the hydrothermal system. Moreover, in the nitric acid
solutions formed by hydrolysis of the two nitrates, an important part of the precipitated indium
compounds redisolves during cooling and they are found again in the solution after the
separation of the solid products.

Summarizing, in the series of a-Fe;Os3-In,O3 nanoparticle samples obtained from the
water solution of (1-x)Fe(NO3);.9H,0.xIn(NO3)3.5H,0, in supercritical hydrothermal conditions,
a corundum phase o-(Fe;«Iny),03, Hy, isostructural with a-Fe,O; exists for 0<x<0.9 and a cubic
phase c-(Fe;«Iny),0s3, By, isostructural with In,O; exists for 0.3<x<1. However, the solubility of
In** jons in hematite lattice occurs in the range 0<x<0.7, while the solubility of Fe’* in the
bixbyite structure In,O; takes place in the range 0.7<x<1. The substitution level is generally up
to 40% lower than indium nominal concentration x. Consequently, the solid solutions a-(Fe;.
«Iny)203 and c-(Fe;4Iny),0s, expand for indium nominal molar concentration x up to 0.7, and
respectively for x from =1.0 to 0.7, in the studied nanoparticles system. These data are in good
agreement with the previous finding, moreover due to supercritical reaction conditions the

solubility limits are extended to higher concentration values.
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III. a-Fe/Nd,Fe; 4B multilayers

Figure 3 (a)-(c) shows the CEMS spectra of the a-Fe/Nd,Fe 4B multilayers deposited for
15, 30 and 60 min for each target. In (A)-(C) the hyperfine magnetic field distributions extracted
from these spectra are given. The CEMS spectra were analyzed by considering a six-line pattern
corresponding to the a-Fe soft phase and a hyperfine magnetic field distribution, representing the
Nd,Fe;4B hard phase. The average values of the distributions were 21.17 and 15.76 T,
respectively and the distributions extended over 77.07 and 73.47 % of the spectra in Figure 3 (a)-
(b). It may be observed that a decrease in the average hyperfine magnetic field and population of
the disordered phase is obtained by employing longer deposition times for each target on the
caroussel. Moreover, when we analyze the spectrum in Figure 3 (c), we observe that it consists
entirely of a distribution of hyperfine magnetic fields, with an average value of 5.25 T. This
finding indicates the occurrence of a superparamagnetic phase, which can be assigned to Fe
atoms in Nd rich environments. These results indicate that the optimum deposition conditions
correspond to 15 min ablation time for each of the two targets, which corresponds to a final film
thickness of about 50 nm.

The XRD patterns were recorded for the a-Fe/Nd,Fe 4B multilayers after 15, 30 and 60
min of deposition from each target. Besides the lines coming from the silicon substrate, the
spectra indicate the formation of the Nd,Fe 4B phase. Again, the best structure corresponds to
the film ablated for 15 min per target. We displayed the XRD spectra of the o-Fe/Nd,Fe 4B
multilayers, obtained at 15, 30 and 60 min per target and subsequently exposed to thermal
annealing at 550°C for 1 hour. The spectra were proven consistent with the formation of a-Fe
and Nd,Fe 4B soft and hard phases, along with lines from Nd (which supports the occurrence of

the superparamagnetic fraction) and hematite phases. An amorphous component, representing
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the intermixing of phases, can be observed for the sample deposited for 1 hour per target. In
agreement with the CEMS results, the best structure is formed at 15 min ablation time for each

target.

IV. Cobalt-substituted spring magnets

We measured the XRD pattern of the Nd;;FegysCo,.6Bsg composition, annealed at 690
and 755°C. We could identify the soft phase a-Fe(Co), which is crystalline and the hard phase
Nd,Fe 4B, which is predominantly amorphous. Similar features were exhibited by the samples
Nd,osFe734Cos3Bs g and Nd;oFes sCo7 9Bs.¢ annealed at 690 and 775°C.

We also recorded the room temperature transmission Mossbauer spectra of the
Nd;FegC026Bs.s system annealed at 690 and 755°C. We derived the hyperfine magnetic field
distributions extracted from these spectra by nonlinear least-squares fitting (Figure 4). Similar
spectra were obtained for the compositions Nd,osFe7s4Cos3Bs g and Nd;oFess sCo7.9Bs ¢ annealed
at 690 and 775°C. In view of the XRD results, all Mssbauer spectra were analyzed with a six-
line pattern corresponding to the a-Fe(Co) crystalline phase and a hyperfine magnetic field
distribution representing the Nd,Fe 4B amorphous component.

We obtained the dependence of the hyperfine magnetic field of the crystalline phase on
the annealing temperature. It may be observed that the hyperfine magnetic field of the soft phase
first increases with increasing Fe content and then increases with increasing the amount of Co
substitution. Indeed, it is known that at certain compositions, Co has the tendency to increase the
hyperfine fields at Fe sites and this effect prevails over that of increasing Fe content. The
combined XRD and Mossbauer findings are consistent with the presence of Co substitutions in
the soft magnetic phase.

We derived the dependence of the average hyperfine magnetic field of the hard,
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amorphous phase as function of the annealing temperature for the Nd;;FegycC0,6Bss,
NdjosFer34Cos3Bss and NdjgFess5C079Bse systems. It was observed that the hyperfine
magnetic field increased with increasing the Co content. In view of the ability of cobalt
substitutions to increase the hyperfine field at Fe sites, this result is possible only if Co also
enters the hard phase. Moreover, the hyperfine magnetic field slightly increases with increasing

the annealing temperature of the compound.
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CONCLUSIONS

We measured the recoilless fraction of the (1-x)a-Fe,O3;-xSnO, nanoparticle system
using the dual absorber method. The dependence of the recoilless fraction on the amount x of
substitution showed that tin is a substitutional impurity in the hematite structure, and so is iron in
the SnO, lattice. The phase separation between o-Fe;O; and SnO, at x=0.4 was observed as a
minimum in the recoilless fraction. Particle size effects at large values of x were also evidenced.

a-Fe,0s-In,O3 mixed oxide nanoparticles system has been synthesized starting with an
aqueous solution of iron (III) nitrate nanohydrate and indium (III) nitrate pentahydrate, after 4
hours of hydrothermal supercritical synthesis at 400 °C followed by one hour annealing at 500
°C. It was found that a corundum phase a-(Fe;«Iny),03, isostructural with a-Fe,Os exists for
0<x<0.9 and a cubic phase c-(Fe;Iny),0s3, isostructural with In,O3 exists for 0.3<x<1, in the
nanoparticles system. The solid solutions phases, a-(Fe;Iny),0s3, and c-(Fe;«Iny),03, develop
for indium nominal molar concentration x up to 0.7, and respectively for x from =1.0 to 0.7. The
substitution level is generally up to 40% lower than the nominal concentration. An explanation
of the processes leading to the formation of iron and indium phases (oxides and hydroxides) in
the supercritic hydrothermal system (1-x)Fe(NO3)3;.9H,0.xIn(NO3);.5H,0 has been given. This
synthesis route allowed us to reach the nanometric particle dimensions and solid solutions in an
extended concentration range, which would make them very attractive for sensing applications.

In conclusion, a-Fe/Nd;Fe4sB multilayer structures were obtained by pulsed laser
deposition and characterized by CEMS and XRD. The optimum deposition conditions were
identified and the structural and magnetic properties were examined for each sample.

It can be observed that the hyperfine magnetic field increases with increasing the Co

content. In view of the ability of cobalt substitutions to increase the hyperfine field at Fe sites,
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this result is possible only if Co also enters the hard phase. Moreover, the hyperfine magnetic
field slightly increases with increasing the annealing temperature of the compound. To
conclude, this study demonstrates that Co substitutions in spring magnets are present both in the

soft and hard phases of the Nd-Fe-B exchange-coupled magnets.
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LIST OF ACRONYMS AND ABBREVIATIONS

XRD=X-ray diffraction

CEMS=conversion electron Mdssbauer spectroscopy
PLD=pulsed laser deposition

SEM=scanning electron microscopy
TEM=transmission electron microscopy

EDX=energy-dispersive X-ray analysis
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