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Cr2O3 nanoparticles were prepared via one-step reactive laser ablation of Cr in oxygen. The metastable CrO2

phase was obtained through the subsequent oxidation of Cr2O3 nanoparticles under O2 with gas pressures of up

to 40 MPa. The as-prepared Cr2O3 nanoparticles are spherical or rectangular in shape with sizes ranging from

20 nm to 50 nm. High oxygen pressure annealing is effective in producing meta-stable CrO2 from as-dried

Cr2O3 nanoparticles, and the Cr2O3 nanoparticles exhibit a weak ferromagnetic behavior with an exchange

bias of up to 11 mT that can be ascribed to the interfacial exchange coupling between uncompensated surface

spins and the antiferromagnetic core. The Cr2O3/CrO2 nanoparticles exhibit an enhanced saturation

magnetization and a reduced exchange bias with an increasing faction of CrO2 due to the elimination of

uncompensated surface spins over the Cr2O3 nanoparticles when exposed to a high pressure of O2 and/or

possible phase segregation that results in a smaller grain size for both Cr2O3 and CrO2.
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1. Introduction

Cr2O3 nanoparticles are widely used as catalysts, pig-

ments, and in wear resistance materials due to their

unique physical and chemical properties [1, 2]. Cr2O3

nanoparticles have been previously prepared through

several chemical and physical processes, including hydro-

thermal synthesis, arc discharge, microwave plasma, etc.

[3-5]. These methods usually involve the use of wet

chemicals or several steps that can be somewhat time-

consuming. Recently, laser beams have been employed to

synthesize Cr2O3 nanostructures, and well-dispersed

nanoscale chromium oxide particles have been prepared

via laser-induced solution deposition from solution with

CrCl2 and organic solvents [6]. α-Cr2O3 nanocondensates

were fabricated using pulsed laser ablation in air [7], and

Cr2O3 thin films were prepared on Cr thin film surfaces

via laser photothermal oxidation and laser deposition

using a Cr2O3 target [8, 9]. In this work, we prepared

Cr2O3 nanoparticles by using one-step reactive laser

ablation synthesis, which is a method that has recently

emerged as a simple means to produce nanoparticles due

to the ultra-high temperature of the laser beam [10, 11].

Antiferromagnetic materials with a small particles size

tend to exhibit different magnetic properties, and a few

antiferromagnetic nanoparticles, including MnO, CoO,

NiO, have been reported to have weak ferromagnetic

properties due to their uncompensated surface spins [12-

14]. In our previous work, we investigated the weak

ferromagnetic behavior of Cr and Cr2O3 nanoparticles

prepared using an arc discharge method [4]. Meiklejohn

and Bean first reported the exchange bias phenomenon in

oxide-coated cobalt particles in 1956 [15]. Usually, the

exchange bias phenomenon is present in interfaces between

two substances with different magnetic orders, for instance,

a ferro/antiferromagntic interface. This work investigated

the structure of the Cr2O3 nanoparticles and the exchange

bias in the interfaces between the antiferromagntic (AFM)

Cr2O3 and the uncompensated surface layers. 

Chromium dioxide (CrO2) has been extensively studied

as a result of its excellent ferromagnetic performance and

its high spin polarization [16, 17], which are crucial

characteristics for magnetic recording and magnetoelec-

tronic device applications. It is difficult to prepare CrO2 at

ambient pressure due to its metastable behavior, so CrO2

powders (or thin films) are usually prepared through the
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decomposition of CrO3 instead of oxidation of Cr2O3

since the oxidation reaction generally proceeds extremely

slowly [18-20]. Recently, Pei et al. obtained CrO2 nano-

particles through the oxidation of Cr(OH)3·1.1H2O at 350

°C under 6 MPa of initial oxygen pressure [21]. In this

work, the CrO2 phase was prepared through the oxidation

of laser ablated Cr2O3 nanoparticles under oxygen pressures

of up to 40 MPa.

2. Experimental Details

The original Cr2O3 nanoparticles (Sample A) were pre-

pared by exposing a piece of chromium metal in O2 to a

20 W laser beam (Nd:YAG of 1064 nm) with subsequent

drying in air at 353 K for 2 h. Sample A was then divided

into three batches, and after that, the powders were

annealed at 683 K in air for 1 h (Sample B) and in 40

MPa oxygen for 1 h (Sample C) and 4 h (Sample D). The

high oxygen pressure was obtained by using a self-made

high gas pressure heat-treatment apparatus. The structures

of the samples were analyzed by using powder X-ray

diffraction (XRD) with Cu Kα radiation. The morphology

and the Cr/O ratio of Sample A was characterized using a

Hitachi SU8010 scanning electron microscope (SEM)

equipped with an energy dispersive spectrometer (EDS).

The high-resolution lattices of the samples were observed

with a Tecnai F20 transmission electron microscope

(TEM). The magnetic hysteresis loops of the samples

were then measured by using a Quantum-Design mag-

netic properties measurement system (Versalab-VSM) in

fields of up to 2 T while the M-T curves were measured

using a Lakeshore VSM. 

3. Results and Discussion

As shown in Fig. 1(a), the x-ray diffraction patterns of

Sample A could be indexed with Cr2O3. After 1 h of

annealing at 683 K in air, the Cr2O3 phase does not

change, and no other phases were detected in Sample B.

However, the half-width of the diffraction peaks of the

Cr2O3 in Sample B narrowed slightly, indicating the

presence of Cr2O3 with a slightly enlarged crystalline size

as a result of the heat-treatment. Moreover, a higher back-

ground was found in the x-ray diffraction patterns of

sample A, indicating the presence of poorly crystallized

particles with a very tiny grain size. The XRD patterns of

both Sample C and D could be indexed with CrO2 and

Cr2O3. The presence of the CrO2 phase indicates that the

heat treatment with a high oxygen pressure was effective

in preparing the meta-stable CrO2. From a thermo-

dynamic point of view, CrO2 is more stable than Cr2O3 at

683 K under 40 MPa of O2, as shown in the pressure-

temperature phase diagram of the Cr-O system [22]. Fig.

1(a) also shows that the relative intensity of the CrO2 to

Cr2O3 for sample D is much stronger than that for sample

C, indicating that more CrO2 was produced as the

annealing time increased. The average crystalline size of

the Cr2O3 in samples A, B, C, and D was estimated to be

20 nm, 26 nm, 22 nm, and 21 nm, respectively, according

to the x-ray reflection peak width obtained by applying

Scherrer’s formula. The relatively larger crystalline size

of sample B can be ascribed to the thorough crystalli-

zation of Cr2O3 under heat treatment in air. The medium

crystalline size of Cr2O3 in Samples C and D is the joint

result of the increase in size due to the heat treatment and

the size reduction resulting from the formation of CrO2.

As shown in Fig. 1(b), the Cr/O elemental ratio of sample

A, as measured by EDS, is very close to 1.5, which is in

good agreement with that of the Cr2O3, as detected by the

XRD. Fig. 1(c) shows the morphology of sample A, for

Fig. 1. (Color online) (a) X-ray diffraction patterns of the orig-

inal Cr2O3 nanoparticles (Sample A) prepared via laser abla-

tion and of the samples obtained after annealing Sample A in

air (Sample B) and in 40 MPa oxygen for 1 h (Sample C) and

4 h (Sample D). * for Cr2O3 and + for CrO2. (b) The EDS

results of Sample A determined via SEM. (c) Morphology of

Sample A observed via SEM. 
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which most nanoparticles can be seen to have a size of

less than 50 nm with a narrow size distribution. 

Figure 2 shows the typical high-resolution images for

Sample B. Most of the nanoparticles in Sample B are

spherical or rectangular in shape, as shown in Fig. 2(a).

The high-resolution images for sample B show that the

nanoparticles are well-crystallized, as confirmed with the

XRD results. The d-spacing of d1 = 0.3655 nm, d2 =

0.2422 nm, and d3 = 0.2581 nm corresponds to the (012),

(110), and (104) lattice spacing of Cr2O3, respectively, as

shown in Fig. 2(b). 

Fig. 3(a) shows the dependence of the magnetization

curves on the temperature for sample D. A sharp magneti-

zation drop was observed at 386 K, which is in good

agreement with the Curie temperature for CrO2. No

changes in the magnetization were observed in the vicinity

of the Néel temperature for Cr2O3. The magnetic hysteresis

loops of Samples A, B, C, and D at 60 K and 300 K are

shown in Fig. 3(b, c). The magnetization for Sample A

shows a linear response to the applied magnetic field, and

no magnetic hysteresis and zero coercivity were observed

in Sample A. The magnetization for Sample B increases

as the magnetic field increases and remains unsaturated at

2 T. The magnetization of Sample B at 2 T reaches 0.79

Am2/kg at 60 K and 0.60 Am2/kg at 300 K. An obvious

loop shift was seen for sample B in the inset of Fig. 3(a).

As mentioned above, Sample B is composed of Cr2O3

only, and bulk Cr2O3 is an antiferromagnetic material with

a Néel temperature of 307 K. We therefore ascribe the

weak ferromagnetic behavior of Sample B to the un-

compensated surface spins. The exchange bias for Sample

B at 60 K is ~11 mT, which originates from the exchange

Fig. 2. TEM images of Sample B. The d-spacing of d1 =

0.3655 nm, d2 = 0.2422 nm, and d3 = 0.2581 nm.

Fig. 3. (Color online) (a) The dependence on temperature of

the magnetization of sample D. (b, c) Magnetic hysteresis

loops for Samples A, B, C, and D at 60 K and 300 K. The

inset of (a) shows the partially magnified M-H plots for Sam-

ples B, C, and D at 60 K. 
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coupling between the uncompensated surface spins and

the antiferromagnetic core. The magnetization for Samples

C (7.6 Am2/kg at 2 T) and D (17.8 Am2/kg at 2 T) at 60

K are much larger than those of Sample B (0.79 Am2/kg

at 2 T) due to the presence of CrO2 in Samples C and D.

The exchange bias in Sample C and D are 7 mT and zero,

respectively, as shown in Fig. 3(a). It is interesting that

the exchange bias decreases as the CrO2 fraction increases,

even though the samples were composed of AFM Cr2O3

and FM CrO2. This phenomenon could be explained to be

a result of the elimination of uncompensated spins originat-

ing from the Cr2O3 nanoparticle surface, over which most

surface atoms transform into CrO2 when exposed to high-

pressure oxygen. It seems that the interfacial exchange

interactions between the AFM Cr2O3 and the FM CrO2

have a very limited effect on the exchange bias that

decreases as the CrO2 fraction increases. Usually, CrO2

particles coated with a very thin Cr2O3 surface layer

exhibit no exchange bias since the spins of the thin Cr2O3

layers are reversed with the applied field. However,

thicker Cr2O3 layers could also result in an exchange bias

[23]. We therefore speculate that the CrO2 layers in our

samples might be too thin for phase segregation, and thus

they cannot dominate the exchange bias when competing

with uncompensated surface spins. The CrO2 phase might

be segregated from the Cr2O3 nanoparticles since the

melting point of CrO2 is merely 648 K while that of

Cr2O3 is 2708 K.

4. Conclusion

In summary, Cr2O3 and Cr2O3/CrO2 nanoparticles were

prepared by exposing a Cr metal piece in O2 to a laser

beam and subsequently annealing them under high-pre-

ssure oxygen at 40 MPa. The Cr2O3 nanoparticles are

spherical or rectangular in shape with sizes ranging from

20-50 nm. A weak ferromagnetism and an exchange bias

were observed as a result of the uncompensated surface

spins in the Cr2O3 nanoparticles. The high oxygen pre-

ssure was effective in transforming the as-dried Cr2O3

nanoparticles to CrO2, and the exchange bias in our Cr2O3/

CrO2 nanoparticles was dominated by the uncompensated

surface spins over the Cr2O3 instead of by the interfacial

exchange interaction between Cr2O3 and CrO2.
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