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Iron—alumina nanocomposite powders containing 10 wt % iron were prepared by selective
reduction of alumina—haematite solid solutions. Microstructural study showed three types of
metal dispersion in the alumina matrix according to the elaboration process: iron grains that
were > 70 nm, most of the iron particles were < 10 nm and directly epitaxied in the alumina
matrix, and iron particles that were surrounded by an interfacial phase. In agreement with
transmission electron miscroscopy (TEM) observations, magnetic study confirmed a
distribution of the iron particles size, showing the superposition of a ferromagnetic behaviour
(larger particles) and a superantiferromagnetic behaviour (smaller particles). Furthermore,
analysis of thermoremanent behaviour, coercive field and dissymmetry of hysteresis loops
allowed the interfacial phase surrounding some iron particles to be identified as an
antiferromagnetic phase, Fe,, ,Al,_,0,. Nevertheless, at the interface of metallic iron epitaxied
on the alumina matrix some atomic planes always existed where iron was ionic (even if no
other phase was detected). As a consequence the mean magnetic moment of iron in these
nanocrystals is larger than that in bulk metallic iron.

1. Introduction

In 1949 Néel [ 1, 27 pointed out that fine ferromagnetic
particles may present a particular magnetic state:
superparamagnetism [3]. A rough estimate of the
maximum radius for a spherical sample of common
ferromagnetic materials is about 15 nm [4]. These
nanoparticles are single magnetic domains. In nature,
single-domain particles are not completely isotropic in
their properties, but will have anisotropic contribu-
tions to their energy arising from the external shape of
the nanoparticle, imposed stresses or the crystalline
structure itself. The magnetic moments of nanopartic-
les orient themself in the direction of the easy magnet-
ization axis, but thermal energy at the experimental
temperature causes passage on other easy magnet-
ization directions. Then there is relaxation of magnetic
moments between the different easy magnetization
directions. If the time necessary for magnetic measure-
ment is greater than this relaxation time, then the
experimenter will observe a disordered magnetic state
similar to paramagnetism. However, here the differ-
ence is that the paramagnetic relaxation times are
much larger than those of atomic moments. This
“superparamagnetic” state will be observed only from
a sufficiently high temperature, when relaxation by
thermal energy k7 is larger than the anisotropy energy
KV. The temperature, T, for which kTg= KV, called
the blocking temperature, is obviously a function of
the particle size. The blocking temperature weakens as
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the size decreases. Magnetic properties such as the
coercive field, remanent magnetization, isothermal
magnetization versus applied field and d.c. and a.c.
susceptibilities will be modified strongly in compari-
son with bulk material magnetic properties. Reviews
of superparamagnetism and associated phenomena
are given in [5, 6]. ’

Superparamagnetism has found applications in
many studies related to problems in catalysis: forma-
tion of nickel particles supported on silica and adsorb-
ed gases on nickel catalysts. A review of these works is
given in [7], bringing to the fore two states of chemi-
sorption of hydrogen on supported nickel catalysts
[8] and magnetization measurements leading to crys-
tallite size distributions of dispersed nickel [9].

The study of magnetism at surfaces and interfaces
has been strongly developed in recent years. Much of
this experimental and theoretical effort has been ad-
dressed to transition metals (Cr, Fe, V and Ni) and
noble metals (Cu, Ag and Au) which have a micro-
structure of nanometre scale: nanoparticles, surfaces
and interfaces, and modulated structures [10]. The
existence of surface and interface states, the reduced
co-ordination number and the symmetry of atoms in
the surface layer lead to important differences with
respect to the bulk system, and would give new in-
formation on the electronic structure and magnetic
properties of these materials [11-137]. New theories
estimate, in the cases of nanolayers of Fe adsorbed on

2217



Ag (00 1)[10], of a seven-layer Fe (00 1) thin film [13]
and of clusters of Fe, (n < 15) [14], that iron exists in
these structures with a magnetic moment 20-40%
greater than that of bulk iron.

In chromium single-crystal particles from 38 to 75
nm in diameter [15] a new magnetic transition was
observed at about 800 K instead of 310 K. This
magnetic phase would be due to magnetic order local-
ized near the surface.

2. Specimens preparation
and experimental procedure

Synthesis of alumina-iron nanocomposite powders
was obtained by selective reduction of alumina—
haematite solid solutions. A description of the chem-
ical preparation was published elsewhere [16]. Four
types of specimens were selected according to the
preparation. For a ratio Fe/(Fe + Al) = 0.10:

specimens A: iron particles with a large mean dia-
meter, about 80 nm;

specimens B: iron nanoparticles with a small mean
diameter, about 5 nm, surrounded by an iron alumi-
nate shell;

specimens C: iron nanoparticles, 5 nm average dia-
meter, directly epitaxied in the alumina matrix; and

specimens D: elaborated from specimens B by
heating under hydrogen (800°C for 50 h); the iron
aluminate shell disappeared and the iron particles
were epitaxied in alumina.

For a ratio Fe/(Fe + Al) = 0.05 a specimen B (called
B 5%) was also prepared for the study of coercive
fields and thermoremanence.

These different specimens were very carefully ana-
lysed by atomic absorption spectrometry (AAS) at
Service Central d’Analyse du CNRS (France). X-ray
diffraction (XRD) analysis was realized with a Siemens
D 501 powder diffractometer using CoK, radiation
(A =0.179025 nm). The microstructures of alu-
mina—iron composites were studied in a Jeol 200 CX
TEM.

Magnetic measurements were performed in a
conventional magnetometer providing a magnetic
field up to 7 T and temperature from 1.5 to 300 K.
Some measurements were realized at 4.2 K with mag-
netic field up to 20 T at the Service National des
Champs Intenses (Max Planck Institute, Grenoble).
The magnetic measurements also involved isothermal
magnetization versus applied magnetic field, and the
determination of thermoremanence, coercive field and
thermomagnetic evolution.

3. Results

3.1. X-ray crystallography studies

Results of AAS and XRD analyses are given in
Table I. Chemical quantitative analysis could not de-
tect the existence of any element other than Fe, Al and
O with a rate greater than 50 p.p.m. Moreover, we
note that the four specimens contained the same iron
concentration.
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Fig. 1 shows that only a-Al,O5 v-Al,O; and a-Fe
were detected in the XRD patterns. y-Al,O; was
present in specimen A only, and in low concentration.
The width and weak intensity of the iron peak in
specimens B, C and D was due to the small metal
particles size (Table II). The lattice parameter value of
the corundum phase seems to indicate that haematite
was totally reduced into iron during the preparation
of the nanocomposite powders.

3.2. Microstructural studies of the
nanocomposites

The specimens microstructures are shown in Figs 2-5.
In the bright-field micrographs (Figs 2, 3, 4a and 5a)
the iron appears as single-crystal particles dispersed in
the a-alumina matrix. Table IT gives the average size of
the iron particles, calculated by measurements of 1000
particles on TEM micrographs.

TABLE 1 Crystallographical and chemical characteristics of
alumina—iron nanocomposite powders

Specimen  Fe/(Fe + Al)  Fe weight as Phases detected
by AAS percentage by XRD
(at %) initial weight
(at %)
A 10.0 10.7 0-ALO; + y-
AlLO; + a-Fe
B 10.0 10.7 2-Al,O5 + o-Fe
C 10.0 10.7 2-Al,O; + «-Fe
D 10.0 10.7 2-Al,O5 + «-Fe
! ot ol I |
a a avy a.y a a

(a)

26 (deg)

Figure I XRD patterns for specimens (a) A, (b) B, (¢) C and (d) D:
peaks a, a-Al,O5; v, y-Al,O3; a, a-Fe.



TABLE II Average size of metal particles dispersed in alumina

Specimen d by TEM (nm) d by XRD (nm)
A 80 75

B 10 : Weak intensity
C ‘ 5 Weak intensity
D 5 Weak intensity

200 nm
——

Figure 2 Bright-field TEM micrograph of specimen A.

For specimen A the iron crystallite size (Fig. 2) is
between 50 and 100 nm. The average value (80 nm) 1s
in good agreement with that obtained from XRD
patterns analysis by Scherrer’s method. For specimens
B, C and D the figures show that the average size of
the iron particles was much smailer: diameters spread
between 1 and 20 nm. These results confirm the
previous hypothesis that the weak intensity and width
of the iron XRD peaks are due to the small size of
these particles. However, we remark that for specimen
B (Fig. 3) each iron particle was surrounded by a
phase with a contrast different from that of alumina or
iron. The thickness of these interfacial phases was
between 2 and 3 nm. The Fe-Al-O phase diagram,
from the works of Imlach and Glasser [17] on the
reduction of polluted magnetite by alumina and those
of Ogale et al. [18] on the structure and chemistry of
ceramic—metal interfaces, allow us to think that the
interfacial phase might be a spinel Fe, ,, Al,_, O,.

Fig. 4b shows the electron microdiffraction pattern
of specimen C. Analysis of this diffraction diagram
(Fig. 6) showed that the whole batch of iron particles
contained in an alumina single-crystal line grain be-
have as a single crystal. This behaviour shows that all
the iron particles in specimen C were epitaxied in
alumina and therefore had the same crystallographic
orientation. The dark-field micrograph in Fig. 4c was
obtained with electron beams diffracted by (210)
alumina planes. This micrograph shows that the alu-
mina grain studied was a single crystal. A comparison
between the bright-field (Fig. 4a) and dark-field made
with the beams diffracted by the «-Fe (101) planes
(Fig. 4d) revealed that all iron particles had the same

50 nm
| I

Figure 3 Bright-field TEM micrograph of specimen B.

crystallographic orientation. From these micrographs
the following orientation relationships between the
alumina lattice and iron lattice are deduced:

(10T),. k] (2T0), 510,
(101), g l0T4), 40,
(100), g (1 1 2)4-A1,05
(001), g I(T02), 21,0,

This is summarized by the epitaxial relationship

(111) [T 12T, g 00 1) [210)], 41,0,

Other authors have observed the same orientation for
body-centred cubic metals epitaxied in o-alumina.
Anton et al. [19] observed the parallelism of iron
(110)and a-Al,0, (1 10) planes in iron thin films on a
sapphire substrate, and Qadri et al. [ 20] demonstrated
that niobium is epitaxied in alumina according to
(11 D00 1), 1.0,

In an attempt to see the influence of the iron
aluminate interfacial shell, detected in specimen B, on
the microstructural and magnetic properties of the
iron dispersed in alumina, we performed a reduction
of specimen B, in order to reduce the Fe?* ions
contained in iron aluminate. The bright-field micro-
graph in Fig. 5a shows that the iron aluminate inter-
facial shell around iron particles in specimen B had
disappeared. Analysis of the electron microdiffraction
pattern (Fig. 5b) gave the same crystallographic rela-
tionship between iron and alumina as observed in
specimen C.

3.3. Studies of magnetic properties

3.3.1. Isothermal magnetization curves

These curves were measured for the four specimens A,
B, C and D for which microstructural properties were
described in section 3.2.

3.3.1.1. Specimen A (Fig. 7). This specimen was essen-
tially characterized by iron particles of large diameter
(between 50 and 100 nm) with a small distance be-
tween each other. The distance between the particle
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Figure 4 TEM micrographs of specimen C: (a) bright-field, (b) electron microdiffraction pattern, {c) dark-field of alumina grain and (d) dark-

field of iron particles.

centres is in the range 120-160 nm. The magnetization
curves versus temperature do not vary from 1.5 to 300
K, which means that the Curie temperature is still high
in these particles. These curves show a very fast vari-
ation of the magnetization in weak magnetic fields;
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this variation, practically linear, recalls a demagneti-
zing field straight line. The single domain state will be
obtained for a magnetie-field of about 8 kOe (1 Oe ~
79.38 A m™*), which gives an average demagnetizing
field coefficient of about 4, near to that of a sphere.
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Figure 5 (a) TEM micrograph and (b) electron microdiffraction pattern of specimen D.
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Figure 6 Electron microdiffraction pattern for specimen C: (A) o-
Fe and (@) o-ALOj.

When the magnetic field is strong, the magnetization
varies linearly with the field. The susceptibility is
weak, about 5.48 x 10™% e.m.u. mol ! iron, this value
is slightly larger than those given for bulk Fe speci-
mens (2.66 x 10~% [21], 2.31x10~* [22] and 3.05
x 107# [237). The spontaneous magnetization is ob-
tained by the intersection of the two linear variations:
the low-field straight line of the demagnetizing field
regime, and the large field magnetization curve of the
saturation regime. For example we obtain 2.174 p; at
1.5 K and 2.122 py at 300 K (1 pgx9.27x 10724 J
T~ 1). The total variation obtained from 1.5 to 300 K is
shown in Fig. 11 (below). These values are very close
to those of buik iron.

3.3.1.2. Specimens B, C and D (Figs 8-10). These
specimens were essentially characterized by the exist-
ence of iron nanoparticles ranging from 1 to 20 nm in
diameter. The isothermal magnetization versus ap-
plied magnetic field curves had an entirely different
aspect from those of specimen A. The magnetic beha-
viour was also strongly a function of the temperature.
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Figure 7 Isothermal magnetization versus applied magnetic field
curves for specimen A: (O) 1.5 K and (+)300 K. 1 Oe = 79.58 A
m 51 ppx927x 107241 T71,
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Figure 8 Isothermal magnetization versus applied magnetic field
curves for specimen B: (%) 1.5K, (+ ) 10K, ($) 20K, (C)41 K, (O)
75 K and (A) 300 K. 1 Oe ~ 7958 Am™ % 1 ppx9.27x10"2*
JT™ 1.

For temperatures below 10K the magnetization
curves showed superparamagnetic behaviour. It was
not possible to obtain saturation in a 70 kOe field at
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Figure 10 Isothermal magnetization versus applied magnetic field
curves for specimen D: (%) L5 K, {(+) 10K, (¢) 20 K, (O) 40 K,
(0)75K and (A)300K 1 Oe = 7958 Am™ % 1 upx9.27x 107 2%
A

1.5 K. Moreover, saturation magnetization was not
obtained in a 200 kOe field at 4.2 K. We evaluated the
saturation magnetization by linear extrapolation of
the M (1/H?) law at 1.5 K; the values obtained are
given in Table IIL It is interesting to note that the
sample surrounded by antiferromagnetic aluminate
had a smaller saturation moment.

For temperatures between 40 and 300 K, when the
magnetic field was > 50kOe at 40K, > 20kOe
above 300 K, magnetization increased linearly with
the applied magnetic field. In this temperature range
isothermal magnetization might be expressed as

M = M, ,+yH

We report the M, (T) values for these three specimens
in Fig. 11. The superposed susceptibilities follow a
Curie-Weiss law. The effective moments had the
values 4.76 py mol~ ! iron for specimen B, 4.41 for
specimen C and 4.64 for specimen D.

For temperatures between 10 and 35 K the temper-
ature domain is a transition domain. In the vicinity of
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TABLE III Saturation magnetization (M,,) determinated by
1/H? extrapolation law, spontaneous magnetization (M) obtained
by extrapolation at 0 K of measured magnetization between 40 and
300 K (Fig. 11) and Curie constant, obtained from superposed
susceptibility between 40 and 300 K

Specimen Mg atl5K M, Curie constant
(+0.03 up) (£ 0.02 ) (e.m.u. mol™ 1)
A 221 217
B 2.04 0.26 2.83
C 2.50 1.18 243
D 2.24 0.67 2.69
3.0
&
'?-é 2.5 7
o EH-H-H+H+ o+ + + +
2 201 ’
c
2 :
S s .
kY
%a 000 0 0 0 0 0 0 g g o
g 1.0 [ n
S 00000 0 0 0 O o o
2 0.5 -
=
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Temperature (K)

Figure 11 Spontaneous magnetization curves versus temperature
from 50 to 300 K for specimens B (A), C () and D (O) and from
1.5 to 300 K for specimen A ( + ). The saturation magnetization at
1.5 K is given for specimens B, C and D. 1 py~927x 10724 J T~ 1.

10 K, for magnetic fields < 15 kOe, the isothermal
magnetization curves were similar to those obtained
at low temperatures. In high magnetic fields the beha-
viour of the magnetization versus magnetic field
became linear. However, this linearity began at pro-
gressively lower magnetic field as the temperature
increased (curves at 15, 20 and 30 K). Isotherms at 30
and 35 K showed the same behaviour as isotherms for
temperatures > 40 K.

3.3.2. Remanent magnetization versus
temperature

Thermomagnetic analysis by means of remanence ver-
sus temperature curves brought out two different
types of behaviour for specimen A, on the one hand,
and for specimens B, C and D, on the other hand
(Fig. 12). In the case of specimen A, the remanent
magnetization was small and decreased slightly when
the temperature increased. For specimens B, C and D
we observed essentially two domains of temperature,
one from 1.5 to 10 K where the remanent magnetiza-
tion varied very quickly with temperature and the
second above 50 K where the variation was smooth. It
could be expected that the remanent magnetization
would be higher, the smaller the mean particle sizes.
However, this was true only for particles of average
size < 10 nm.



0.4 T T
& h il
o
€ 0.3 :
[aa]
=l o
s 0
= o)
I 0.2 ‘oqu-tb N
et Oo
Y] 7%@ AR
c o og -
g %o "0ag o
£ o 0o
- 01 1 © 0 4 —
2 M ) ? °
[=4
(=3 HE —
g o LA 8w 5o E A X 4 X
= 50 | \ i \ 1 !

0 50 100 150 200 250 300 350

Temperature (K)

Figure 12 Remanent magnetization curves versus temperature for
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Figure 13 Evolution of coercive field following the temperature for
specimens A (+ ), B(A), C([0)and D(O). 1 Oe =~ 79.58 Am™~ ..

3.3.3. Coercive fields and hysteresis loops

Table IV and Fig. 13 show the results of the deter-
mination of coercive fields measured at different tem-
peratures. In the case of specimen A, the coercive field
increased very slowly from 100 to 125 Oe when the
temperature was decreased from 300 to 1.5 K. In the
case of specimens B, C and D the increase in the
coercive field was rapid below 60 K. In the case of
specimen B we observed, in addition to this behaviour;
a decrease in the coercive field from 20 to 1.5 K. For
this latter specimen, hysteresis loops were highly dis-
symmetrical below 50 K. When the applied magnetic
field decreased from 70 to — 70 kOe, we determined
the coercive field H_ [H _ values are given in Fig. 13 and
these values are also the H_ (1) values given in
Table IV]. When the applied magnetic field increased
from — 70 to 70 kOe, we determined the coercive field
H.. A plotof (H. — H,)/H, versus temperature is
given in Fig. 14. This difference began to be significant
below 40 K. When we plotted successive hysteresis
loops at the same temperature, the coercive field H
remained constant whereas H_ decreased during the
first three loops and afterwards became constant but
remained greater than H, (Table 1V). These phe-
nomena are much more important in the case of
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Figure 14 Comparison between values of negative and positive
coercive fields following temperature for specimen B 10%.

TABLE IV For specimen B (10%), coercive fields H, when field
increases and coercive fields H _(i) when field decreases at the ith cycle

T(K) H,(Oey H_(1)(Oe) H_(2)(Oe) H_(3)(Oe)
1.5 253 260 255 255
4, 318 332 328 323
7 337 356 353 352
10 345 368 360 359
15 345 369 362 361
20 338 358 356 353
30 326 338 333 333
40 305 313 312 312
100 197 198 198 197

1 0e ~ 7958 Am™".

TABLE V For specimen B (5%), coercive fields H, when field
increases and coercive fields H _{i) when field decreases at the ith cycle

T(K) H,(Oer H_(1)(Oe) H_(2)(Oe) H_ (3)(Oe)
1.5 101 118 116 117
4 196 240 226 21

10 352 421 389 380

30 515 541 534 531

40 498 516 515 515

21 0e =~ 7958 Am™"

specimen B 5% containing only 5% iron [24]. Results
corresponding to the decrease in the coercive field H _
during successive hysteresis loops are given in Table V
for specimen B 5%. The asymmetry of the hysteresis
loop is shown in Fig. 15.

3.3.4. Thermomagnetic evolution

and thermoremanence
We realized for these materials the two following
experimental procedures.

First procedure:

cooling with no applied field from 300 down to
4 K;

application of a 70 kOe magnetic field;

cancelling of the magnetic field;

magnetization measurements for no magnetic
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Figure 15 Comparison between values of negative and positive
coercive fields following temperature for specimen B 5%.

field from 4 up to 300 K.
Second procedure:

cooling with a 70 kOe magnetic field from 300
down to 4 K;-

cancelling of the magnetic field;

magnetization measurement for no magnetic field
from 4 down to 300 K.

In the case of specimens A, C and D, magnetization
versus temperature curves merged for the two proced-
ures with curves given in Fig. 12 (remanent magnet-
ization is determinated from the hysteresis loop). The
results for specimen B are shown in Fig. 16. The two
curves showed a sizeable difference for low tem-
peratures. The relative difference was about 5% be-
tween 40 and 70 K. Above 70 K the curves obtained
from these two procedures merged. As for the shift in
the coercive field, this phenomenon was much more
important for the specimen containing only 5% iron
(Fig. 17).

4. Analysis of the results

The behaviour of isothermal magnetization versus
applied magnetic field (Figs. 6-10) and of remanent
magnetization versus temperature curves (Fig. 12)
showed that the magnetic phase of large ferromagnetic
particles is also present as a fraction of the total
sample in the three other materials. This phase is
ferromagnetic between 1.5 and 300 K. The magnet-
ization of this phase (M,,) is reported in Fig. 11 for all
samples. These values, extrapolated to 0 K give logi-
cally 2.21 pg mol™! iron in the case of specimen A.
However, for specimens B, C and D the extrapolated
values varied from 0.26 to 1.18 pgz mol~! iron, de-
termined from the total mass of iron in the material.
This means that the weight percentage of iron in the
ferromagnetic state varied for these three materials
from 12 to 47%, if we assume that iron is totally in the
metallic state (interfacial Fe3* is possible but not very
important in a 10% sample). A second phase existed in
materials B, C and D; this phase was paramagnetic
above about 40 K and ferromagnetic at lower temper-
atures. This last magnetic phase was due to iron
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Figure 16 Evolution of thermoremanence following temperature
for different processes (see the text) in the case of specimen B 10%:
(+) procedure 1 and (A) procedure 2. 1 pyx9.27x 10724 J T 1,
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Figure 17 Evolution of thermoremanence following temperature
for the same processes as Fig. 12 for specimen B 5%: ( + ) procedure
1 and (A) procedure 2. 1 pyx9.27x 10724 J T,

nanoparticles of size from 1 to 4 nm. These nanopar-
ticles were superparamagnetic with blocking temper-
atures that were a function of their diameter. The
distribution of blocking temperature ranged from a
few to some tens of kelvin, as is seen from the slow
transition versus temperature of magnetization iso-
thermal behaviour (Figs. 8-10) and remanent magnet-
ization (Fig. 12) between about 10 and about 40 K.
These particles having a superparamagnetic behavi-
our above their blocking temperatures, we determined
their effective moment from their reciprocal suscepti-
bility (1/y) versus temperature curves (Table III). It is
important to remark that the values of the effective
moments (4.76, 4.41 and 4.64 g for specimens B, C
and D, respectively) do not take into account that a
large fraction of the iron was already saturated in
fields < 5 kOe. This fraction was (Figs 8-10) 0.35 pg
for specimen B, 1.1 pg for specimen C and 0.6 py for
specimen D, giving an iron fraction number which does
not participate to the Curie constant of, respectively,
0.25/2.04, 1.1/2.50 and 0.6/2.24. The effective super-
paramagnetic moments were therefore 4.76/0.877
= 542 pg for specimen B, 4.41/0.56 = 7.87 py for
specimen C and 4.64/0.73 = 6.33 py for specimen D.



The mean particle sizes deduced from these values were
6, 13 and 8.27 iron mole. These correspond to an
average particle diameter of 0.7 nm. These numbers
are smaller than those given in Table III for two
reasons: first, the larger particles of the distribution in
Table III and not here, and secondly, this evaluation
of particle size is a simple average. It is important to
take into account the whole distribution [25-27].

The coercive field in specimen A varied slowly
between 300 and 1.5 K. It was characterized by com-
peting dipolar interaction between particles of dia-
meter extending from 50 to 100 nm. For the three
other specimens the coercive field increased strongly
when the temperature decreased. Below the blocking
temperature the coercive field of superparamagnetic
particles was larger than to that of the bulk iron
material [5]. However, this effect was modified at very
low temperatures in the case of specimens B 10% (and
B 5%) for which a rather thick shell of antiferromag-
netic iron aluminate surrounded iron nanoparticles.
These iron aluminate shells were about 2.5 nm thick.
They behaved like a superantiferromagnet coupled
with a bulk superferromagnet. The shell non-com-
pensated moment is parallel to the antiferromagnetic
axis of each particle [28]. Above the antiferromagnetic
blocking temperature this moment can easily reverse.
When an exterior magnetic field was applied at a
temperature above this blocking temperature (proced-
ure 2, Figs 16 and 17), a certain number of moments of
this antiferromagnetic phase became parallel to the
magnetic field, and during cooling these moments
remained parallel to the applied field. Then the antifer-
romagnetic shell gave a magnetic moment parallel to
the bulk particle ferromagnetic moment and then
contributed to remanence (Fig. 16). If the field was
applied below the blocking temperature it did not
modify the antiferromagnetic structure unless ex-
tremely large. In this case the remanent magnetization
must be smaller (Fig. 16). However, the blocking
temperature of the superantiferromagnetic phase must
be lower than the Néel temperature of the massive
phase (for pure FeAl,O, Ty = 8 K [29]). In this case
we observed that the blocking temperature of the
superantiferromagnetic phase was about 60 K. We
conclude that the interfacial phase is not pure iron
aluminate, but a solid solution of magnetic and
hercynite [30].

This coupling between the bulk iron particles and
magnetite/hercinyte antiferromagnetic shell also in-
duced a dissymmetry of the hysteresis loops and a shift
of coercive field as observed in Figs 14 and 15 and
Tables IV and V. In effect, reversal of iron moments
during hysteresis loops modified the spinel magnet-
ization at its surface. As this modification was induced
during iron moments reversal, the spinel magnetic
moments must decrease. Consequently, the coercive
field H_ must decrease slightly (Table IV for specimen
B 10% and Table V for specimen B 5%), but this effect
cannot reach very deeply into the iron aluminate
layer, so there is a persistent asymmetry of hysteresis
loops after three loops.

These phenomena, due to the existence of a antifer-
romagnetic spinel shell, should be more important if

the quantity of iron in the spinel layer is greater than
in the metal nanoparticle. This was the case in speci-
men B 5%, which contained less iron than and the
same order of aluminate as specimen B 10%. This
explains the difference between the results given in
Tables IV and V, and the fact that the different effects
due to the presence of this aluminate were much more
pronounced in specimen B 5% than in specimen B
10%. Identical phenomena were first observed by
Meiklejohn and Bean [31, 32] in a compact of fine
particles of cobalt (10-100 nm) which had a cobaltous
oxide coating.

The saturation magnetization for 1 mol iron was
2.21 pg for specimen A. This value, close to that in
bulk iron, is due to the large average size of the iron
particles, any interfacial modification being negligible
with respect to the particle bulk magnetization. In the
case of specimen B, we found only 2.04 p, for the
saturation magnetization. Indeed, the aluminate layer
did not contribute much to the magnetization. In the
case of specimen D (specimen B after reduction) we
found the value 2.24 pg, again close to that of bulk
iron. However, for specimen C the saturation magnet-
ization, 2.50 pg, was larger than the value for bulk
iron. This might be due to a modification of the
electronic structure of metallic iron atoms at the
particles surface [10] and the existence of iron atoms
with a magnetic moment > 2.22 u, and able to reach
2.6 or 2.7 py. In our case it seems more plausible to
envisage the existence at the iron—alumina interface of
one or two layers of ionic iron (Fe?* and/or Fe** with
moment of 4/5 pg). Because of the conditions of
material preparation, the existence of Fe?* is unlikely.
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