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Abstract

A paper by Mi et al [1] suggested that certain nano-sized hematite (a-Fe,O;)
particles had diamagnetic properties at room temperature. Since diamagnetic
behavior is not a property normally attributed to hematite particles (hematite
is generally regarded as a canted antiferromagnetic material at room temper-
ature) we decided to test the validity of the suggestions in [1] by performing
magnetic susceptibility and magnetic hysteresis measurements on a series of
hematite nanoparticles with average sizes of 8 nm, 30 nm and 40 nm in di-
ameter. We initially considered two possible explanations for the apparent
diamagnetic behavior of the nanoparticles in [1]: either 1) the hematite nano-
particles themselves exhibited this unusual diamagnetic behavior, or 2) the
diamagnetic response was simply the signal created by a diamagnetic disper-
sant that was overriding a weak positive magnetic susceptibility signal of the
hematite nanoparticles. Our experiments strongly suggested the latter expla-
nation that the apparent “diamagnetic” behavior seen in [1] was caused by a
diamagnetic dispersant dominating the magnetic properties of the dispersed
hematite nanoparticles.
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1. Introduction

Hematite has a complex magnetic behavior that is highly dependent on temper-
ature and particle size. Hematite has a Néel temperature of about 948 K [2], and
also undergoes a low temperature transition just below room temperature called
the Morin transition. Reference [3] found that the Morin transition was highly

dependent upon particle size, varying between 241 K and 256 K for submicron
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synthetic hematites with particle sizes between 120 nm and 520 nm. Below its
Morin temperature hematite is antiferromagnetic [2]. Above its Morin temper-
ature and below its Néel temperature, hematite behaves as a canted antiferro-
magnetic material, while above its Néel temperature hematite is paramagnetic
[2].

Reference [1] reported diamagnetic hysteresis curve behavior at room tem-
perature in spindle-type hematite nanoparticles 200 nm long and 80 nm wide.
This result was very unusual considering the normally accepted properties of
hematite summarized above. We speculated on two possible reasons for the ob-
served diamagnetic behavior of the hematite nanoparticles in [1]: either 1) the
particles did exhibit some unusual diamagnetic behavior for certain sizes or
shapes of nanoparticles (perhaps due to their proximity to the stable single do-
main/superparamagnetic boundary or due to their “spindle” shape), or 2) the
diamagnetic magnetic hysteresis behavior was caused by a diamagnetic particle
dispersant overwhelming the weak canted antiferromagnetic hematite signal of
the nanoparticles at room temperature. The latter explanation seemed much
more plausible. We also noticed that the magnetic hysteresis curve for the “di-
amagnetic” hematite nanoparticle sample in [1] is not a straight line with nega-
tive slope and therefore is not a pure diamagnetic signal. Instead the curve shows
a distinct change of slope at low applied field strengths. We speculated whether
this change of slope might be related to the weak hematite nanoparticle signal.
The purpose of our paper was to test some other hematite nanoparticles to see
whether we also observe diamagnetic behavior. We firstly measured the mag-
netic properties of some bulk samples of hematite nanoparticles. Subsequently,
in order to test our hypothesis that a diamagnetic dispersant could be responsi-
ble for the results in [1], we undertook magnetic measurements on a suitable
source of hematite nanoparticles that were very dilutely dispersed in diamagnet-

ic water.

2. Samples and Methods

A source of nominally spherical 30 nm hematite nanoparticles, synthesized using
the SOL-GEL method, was purchased from the MTI corporation. X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM) were used to confirm
the chemical composition and average particle size of the nanoparticles. In order
to prepare the 30 nm nanoparticles for the TEM imaging a small amount of the
hematite nanopowder was immersed in ethanol solution and then sonicated for
40 minutes in order to increase particle dispersion. A drop of the solution was
then placed on an observation plate and left to air dry. The observation plate was
then inserted into the TEM and photomicrographs were taken of the particles in
the sample.

A bulk volume magnetic susceptibility measurement of the nanoparticles at
room temperature was conducted using a Bartington MS2E probe sensor con-
nected to an MS2 meter. A measurement was taken directly from a large sample

of the nanopowder in order to obtain a bulk volume magnetic susceptibility val-
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ue of the hematite nanoparticles alone without being dispersed in any kind of
matrix. A more accurate independent measurement of the volume magnetic
susceptibility at room temperature was also made using a Bartington MS2B
magnetic sensor connected to an MS2 meter. A known amount of the nanopar-
ticle powder was placed in the 10 ml sample holder and the volume magnetic
susceptibility was measured. The mass of the sample was also determined and
used to calculate the mass magnetic susceptibility.

Subsequently, a variable field translation balance (VFTB) was used to obtain
the magnetic hysteresis loop of the 30 nm hematite nanoparticles at room tem-
perature. The hematite nanoparticles in this case were mixed with diamagnetic
calcium fluoride (Ca,F) powder to increase particle dispersion. The concentra-
tion was 1 part hematite nanoparticle powder to 8 parts calcium fluoride by
mass. The magnetic hysteresis loop of the mixture was then measured using the
VFTB up to a maximum applied field value of 1 Tesla (1000 mT).

In order to test suitable samples of very dilutely dispersed hematite nanopar-
ticles in a diamagnetic matrix, we obtained some hematite nanoparticle samples
dispersed in diamagnetic water from Particular GmbH. We tested two samples,
one containing hematite nanoparticles of 8 nm and the other of 40 nm. The he-
matite nanoparticles were synthesised by laser ablation in water, and their sizes
were accurately determined by a Malvern laser particle size analyser. The con-
centration in water of the 8 nm nanoparticles was 140 mg/L and that of the 40
nm nanoparticles was 160 mg/L. A VFTB was used to obtain the magnetic hys-
teresis loops of each hematite nanoparticle solution. For comparison a further
magnetic hysteresis loop was taken of a sample of the water used for the disper-

sion.

3. Results and Discussion

The chemical composition of the 30 nm hematite nanoparticles was confirmed
by the XRD analysis (Figure 1). The observed diffraction peaks coincided with
those expected for hematite (indicated by the red vertical lines in Figure 1).
TEM photomicrographs of the hematite nanoparticles confirmed an average
particle size of approximately 30 nm (Figure 2), and roughly spherical shapes
though other shapes are seen. The micrographs show that the particles tended to
form larger aggregates, although most aggregates are believed to have formed
during the air drying process prior to conducting the TEM imaging.

The measured values of the volume magnetic susceptibility of the 30 nm he-
matite nanoparticles themselves at room temperature, without any dispersant,
was positive. This meant that the nanoparticles themselves did not exhibit di-
amagnetic behavior. The volume magnetic susceptibility using the Bartington
MS2E probe low field sensor on the bulk 30 nm hematite material was about 1 x
107 SI. The more accurate independent volume magnetic susceptibility on a 10
ml sample of the 30 nm hematite using the Bartington MS2B low field sensor
was 0.5 x 107° SI. Using the mass of the sample the mass magnetic susceptibility
was calculated to be 21 x 107 m>-kg ™.
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Figure 1. X-ray diffraction spectra of the spherical 30 nm hematite particles. The black
line trace shows the observed spectra and the red vertical lines indicate the expected peaks
for hematite.

100 nm

Figure 2. TEM photomicrograph of the 30 nm hematite particles. The scale bar is 100
nm. The darker areas in the image are merely caused by some nanoparticles overlying one
another.

Figure 3 shows the magnetic hysteresis curve of the 30 nm hematite nanopar-
ticles (dispersed in calcium fluoride) from the VFTB measurements at room
temperature. The curve shows a positive magnetization for positive magnetic
field strengths, and is thus consistent with the two independent positive values
of low field magnetic susceptibility determined from the Bartington sensor

measurements. The magnetic hysteresis curve does not indicate diamagnetic
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Figure 3. Magnetic hysteresis loop of the 30 nm hematite particles dispersed in calcium
fluoride.

behavior of the hematite nanoparticles, but is consistent with hematite behaving
as a canted antiferromagnetic material at room temperature.

For the dilutely dispersed hematite nanoparticles, however, the magnetic hys-
teresis curves were dominated by the dispersing agent (the diamagnetic water).
Figure 4 shows the curve for the water alone. It is a pure diamagnetic signal
comprising a straight line of negative slope passing through the origin. Figure 5
shows the magnetic hysteresis curve of the 40 nm hematite nanoparticles dilutely
dispersed in the water. Whilst the diamagnetic signal of the water dominates at
high applied field strength, a small kink in the hysteresis curve of Figure 5 is
observed at low applied field and is indicative of the hematite nanoparticles. The
slope of the magnetic hysteresis curve is positive at relatively low positive applied
fields up to about 70 mT, and this is due to the 40 nm hematite particles. Figure
5 therefore demonstrates that a very dilutely dispersed sample of hematite na-
noparticles can at first glance give the appearance of diamagnetic behavior, but
the diamagnetic features (at applied fields greater than about 70 mT in this case)
are due entirely to the diamagnetic dispersing agent (water in this case). The
magnetic hysteresis curve for the 8 nm hematite nanoparticles dilutely dispersed
in the water was identical to that of Figure 4 and therefore completely domi-
nated by the diamagnetic signal of the water. The reason we observed no small
kink at low fields in this case could be partly because the concentration was low-
er at 140 mg/L for the 8 nm hematite nanoparticle dispersion compared to 160
mg/L for the 40 nm hematite nanoparticle dispersion. Also the intrinsic magnet-
ic susceptibility of the 8 nm nanoparticles could be lower than for the 40 nm
nanoparticles.

Our results suggest that the diamagnetic behavior reported in [1] is the result
of their hematite nanoparticles being dilutely dispersed in a diamagnetic disper-

sant. Their paper gives no details of their dispersant, but it may be relevant to
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Figure 4. Magnetic hysteresis curve of the diamagnetic water that was used to dilutely
disperse the 8 nm and 40 nm hematite nanoparticles.
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Figure 5. Magnetic hysteresis curve of the 40 nm hematite nanoparticles dilutely dis-
persed in water. Note the “kink” in the curve at low applied magnetic fields, which is due
to the hematite nanoparticles (and which is not seen in the pure water signal of Figure 4).

note that their sample which showed the “diamagnetic” behavior was the sample
that was produced from the lowest concentration (0.01 mol/L) of ferric nitrate
(Fe(NO,),).

4. Conclusions

Our results suggest that the “diamagnetic” behavior reported by [1] in spin-
dle-type hematite nanoparticles is very likely due to a diamagnetic dispersant
dominating the magnetic properties, rather than any intrinsic diamagnetic be-

havior of the hematite nanoparticles themselves. For our 40 nm hematite nano-
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particles dilutely dispersed in water we demonstrated that the high field magnet-
ic hysteresis curve was dominated by the diamagnetic property of the water,
whilst the small low field kink in the curve (indicating positive magnetic suscep-
tibility) was due to the hematite nanoparticles and consistent with the accepted
view of hematite being a canted antiferromagnetic material at room tempera-
ture. The hysteresis curve of the 8 nm hematite nanoparticles (that were even
more dilutely dispersed in water) was entirely dominated by the diamagnetic
signal of the water. For the higher concentration samples containing 30 nm he-
matite nanoparticles, our observations of positive magnetic susceptibility, to-
gether with the magnetic hysteresis behavior, were also consistent with hematite

being a canted antiferromagnetic material at room temperature.
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