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Magnetic nanoparticles have applications in information storage,1

color imaging,2 magnetic refrigeration,3 bioprocessing,4 medical
diagnosis,5 controlled drug delivery,6 and as ferrofluids.7 Thus,
developing a new synthetic route for magnetic nanoparticles and
investigating their properties are of immense importance.

Ferrites, the transition metal oxides having a spinel structure,
are technologically important because of their appealing magnetic
and electrical properties. They are used in magnetic inks8 and
fluids,9 as well as for the fabrication of magnetic cores of read/
write heads for high-speed digital tapes or for disk recording.10

Maghemite (γ-Fe2O3, the ferrimagnetic cubic form of iron(III)
oxide) is also technologically important, as it is being used widely
for the production of magnetic materials and catalysts. Because of
the small coercivity of Fe2O3 nanoparticles, which arises from a
negligible barrier in the hysteresis of the magnetization loop, they
can also be used in magneto-optical devices.11

Various methods have been reported for the synthesis of metal
oxide nanoparticles, such as wet chemical,12 electrochemical,13

pyrolysis,14 and sol-gel reactions,15 as well as chemical oxidation
in micellar media16 or polymers.11 Recently, we have developed a
new sonochemical route17 for the preparation of coatedγ-Fe2O3

nanoparticles.18 Motivated by the potential of exploring the magnetic
properties of particles in the nanosize regime, we have initiated
systematic studies of oxides, ferrites, and garnets nanoparticles. Here
we report on a mixed oxide system,γ-Fe2O3 nanoparticles doped
with Mn(III), where the transition from the cubic to the more stable
hexagonalR-Fe2O3 structure is suppressed.

Doped amorphous Fe2O3 nanoparticles were prepared by ir-
radiating the mixture of amorphous Fe2O3 nanoparticles18 and Mn2-
(CO)10 in 40 mL of decahydronaphthalene with a high-intensity
ultrasonic horn under ambient conditions for 2 h. The resulting
product was separated by centrifuge, washed thoroughly with dry
pentane, and dried under vacuum. The as-prepared amorphous
nanoparticles were then crystallized in a tube furnace under air.

Magnetic data of the nanoparticle samples were obtained with a
Princeton Applied Research vibrating sample magnetometer, model
155 (VSM), and a Quantum Design SQUID MPMS-XL (AC and
DC modes and maximum static field of 5 T).

Powder XRD was done using a Philips diffractometer (Cu KR
radiation, λ ) 1.5418 Å), with a 0.008° resolution in 2θ. The
measurement time was 2.5 h, and the 2θ range was from 15° to
85°. Initial synchrotron X-ray powder diffraction experiments were
performed at the beamline X7A of the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory using a linear

position-sensitive detector gating electronically on the Kr-escape
peak.19 See Supporting Information for details.

When amorphous Fe2O3 is heated at 300°C for 3 h, ferrimagnetic
γ-Fe2O3 is observed as the sole product.18 On the other hand, when
the temperature is raised to 500°C, one observes only antiferro-
magneticR-Fe2O3 as the product. Therefore, we were surprised to
find that, upon doping with 8.5 wt % Mn(III), the amorphous
nanoparticles crystallized to mainly theγ-Fe2O3 matrix after heating
at 500°C for 3 h (Figure 1, Supporting Information), with some
peaks showing a strainedR-phase. Moreover, the annealed nano-
particles showed superparamagnetic behavior (Figure 1). The
magnetic measurements also show that the doping of Mn(III)
reduces the maximum magnetization. The question was if the
structure at 500°C is theR- or γ-Fe2O3. In other words, can it be
that at 500°C the structure isR-Fe2O3-“like”, and upon cooling
transforms to theγ-Fe2O3 structure? We therefore heated 8.5% Mn-
(III)-doped amorphous Fe2O3 nanoparticles at 500°C for 3 h and
quenched them in liquid nitrogen. XRD shows a highly strained
R-Fe2O3 structure (Figure 3, Supporting Information), whereas the
normally cooled (10°C/min) sample resulted in a largelyγ-Fe2O3

phase (Figure 1, Supporting Information). This suggests that the
γ-to-R transition is not complete, even at high temperatures, and
Mn(III) doping effectively suppresses the transition to the thermo-
dynamically stable phase. Recall thatγ-Fe2O3 is a metastable form,
and the presence of Mn(III) ions stabilizes this form since the
activation energy is substantially increased by Mn(III) doping.

The electron diffraction patterns ofR-Fe2O3 (Figure 2a, Sup-
porting Information) andγ-Fe2O3 (Figure 2b, Supporting Informa-
tion) from TEM show spotty rings, which is the result of
polycrystallinity . Due to the sintering, the bright-field images show
the aggregation of annealed nanoparticles.

To further investigate this phase transition, we have recorded
synchrotron X-ray diffraction patterns as a function of temperature,
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Figure 1. Magnetization curve ofγ-Fe2O3 andγ-Fe2O3 doped with 8.5%
Mn(III) at 295 K.
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starting from crystallized (500°C, 3 h) 8.5% Mn(III)-dopedγ-Fe2O3

nanoparticles (as in Figure 1, Supporting Information). A powdered
sample (∼0.003 g) was loaded into a 0.5-mm quartz capillary which
was not sealed. A horseshoe-shaped heater was placed close to the
sample position. A continuous heating rate of 8°C/min was used.
The imaging plate was exposed for 50 s for each frame without
slits, and a readout time of∼110 s was used for scanning and
storing. The wavelength of 0.9198 Å, sample-to-detector distance,
zero point, and the IP tilt were determined using a LaB6 standard
(NIST SRM 660a) prior to the experiment. The temperature was
calibrated using the known thermal expansion of an Ag standard.
Data were integrated using the FIT2D suite of programs.

Our results indicated that the transformation fromγ- to R-Fe2O3

begins at 300°C and is essentially completed at 600°C (Figure
2). Notice that, at 500°C, the structure is mostlyγ-Fe2O3. The
structure described earlier for amorphous nanoparticles heated to
500°C and subsequently quenched is obviously a metastable one,
and should therefore be assigned asR*-Fe2O3. Once the sample is
heated to 650°C, a stableR-Fe2O3 is formed that does not change
after cooling to room temperature.

The important question of how much doping of Mn(III) sup-
presses theγ-to-R transition was addressed in preliminary experi-
ments, which revealed that the critical lower limit is between 5
and 8.5% Mn(III) doping. Thus, when a sample of 5% Mn(III)-
doped amorphous Fe2O3 nanoparticle was heated to 500°C for 3
h, nanoparticles with the stableR-Fe2O3 structure were formed. A
full study of the various Fe:Mn compositions is still underway.

In an attempt to better understand theγ- to R-Fe2O3 transition
in this system, we have also obtained in situ synchrotron X-ray
diffraction patterns of the reaction of amorphous 5% Mn(III)-doped
Fe2O3 nanoparticles. Figure 3 shows patterns starting at 300°C
(those between 25 and 300°C were omitted for clarity). The crystal
structure starts to change at 450°C, transforming toR-Fe2O3 at

500 °C. This result is in very good agreement with quenching
experiments, where the XRD of the same nanoparticles heated to
450 °C and quenched into liquid nitrogen revealed a highly
amorphous product (see Figure 4, Supporting Information).

In summary, we have established that, when 8.5% Mn(III)-doped
Fe2O3 amorphous nanoparticles are heated at 500°C for 3 h,
γ-Fe2O3 is obtained rather thanR-Fe2O3. Even preannealed samples
require temperatures as high as 600°C to completely convert to
the R-phase, indicating a high activation energy for this process.
On the other hand, heating amorphous 5% Mn(III)-doped Fe2O3

nanoparticles at 500°C for 3 h results in a product with theR-Fe2O3

structure. The suppression of theγ- (cubic) toR-Fe2O3 (hexagonal)
transition is due to the fact that, while Mn(III) has a cubic spinel
phase (with more free volume), it does not transform into a
hexagonal one, and therefore doping Fe2O3 with Mn(III) increases
the activation energy for the transition to the more compactR-phase,
which requires lattice contraction. Thus, above a critical concentra-
tion (between 5 and 8.5%), the transition needs temperatures higher
than 600°C to complete. Preliminary results show that the same
suppression occurs in Co2O3-doped Fe2O3 nanoparticles. The 8.5%
Mn(III)-doped γ-Fe2O3 displays superparamagnetic behavior at
room temperature, suggesting that doping might be used to tailor
the magnetic properties of nanoparticles.
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Figure 2. Temperature-dependent synchrotron powder X-ray diffraction
of preannealed 8.5% Mn(III)-doped Fe2O3 nanopartciles.

Figure 3. Temperature-dependent synchrotron powder X-ray diffraction
of 5% Mn(III)-doped amorphous Fe2O3 nanopartciles.
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