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Monodisperse NiO nanocrystals with an average particle size of 3 ± 0.4 nm are successfully synthesized by the

thermal decomposition of Ni-oleylamine complex in an organic solvent under a continuous O2 flux. The crystalline

structure and the morphology of the product are investigated by X-ray diffraction, X-ray photoelectron spectroscopy,

and transmission electron microscopy. Magnetization and alternating-current (ac) susceptibility measurements indicate

that the structure of the particles can be considered as consisting of an antiferromagnetically ordered core and a spin-

glass-like surface shell. In addition, both the exchange bias field and the vertical magnetization shift can be observed

in this system at 10 K after field cooling. This observed exchange bias effect is explained in terms of the exchange

interaction between the antiferromagnetic core and the spin-glass-like shell.
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1. Introduction

A magnetic system containing a ferromag-

netic/antiferromagnetic (FM/AFM) interface may ex-

hibit the exchange bias (EB) effect,[1−5] which is typ-

ically characterized by an enhanced coercivity and

a field shift in the hysteresis loop due to the inter-

action at the interface between FM and AFM after

the system has been cooled down through the criti-

cal temperature in an external magnetic field. This

phenomenon was first discovered in 1956 by Meikle-

john and Bean[6] when studying Co particles coated

with a layer of AFM CoO. In the past two decades,

the study of the EB effect has mainly focused on

FM/AFM nanocomposite systems, such as Ni/NiO,

Fe3O4/FeO, and CoCr2O4/Cr2O3,
[7−9] because it has

been shown that the FM/AFM exchange interac-

tion can be useful in overcoming the superparamag-

netic limit and increasing the thermoremanence of

FM nanoparticles,[10] a critical bottleneck for mag-

netic data storage applications. Besides, the EB effect

can also be observed in the single-phase compound.

The observation of the shift of the magnetic hysteresis

loop in NiFe2O4 nanoparticles prepared by the ball-

milled method at low temperature was reported by

Kodama and Berkowitz,[11] and the EB was ascribed

to the exchange coupling of ferrimagnetically aligned

core spins and a spin-glass-like (SGL) surface layer.

Simultaneously, Kodama et al.[12] found that the AFM

NiO nanoparticles exhibit a large loop shift and a ver-

tical magnetization shift at low temperature, where

the exchange coupling between the frozen moments

associated with uncompensated surface spins and the

AFM core plays an important role. However, there

are no reports on the synthesis and the EB effect of

monodisperse NiO nanocrystals with sizes less than 5

nm. Therefore, it would be of interest to investigate

the microstructure and the EB effect of very small NiO

nanocrystals.

NiO is used for a variety of applications, such

as catalysts, magnetic materials, electrochromic films,

gas sensors, and fuel cell electrodes.[13−17] Therefore,

many methods have been used to synthesize NiO.

Among the chemical methods, the thermal decompo-

sition of organometallic compounds in high-boiling-

point inert organic solvents has been proven to be

an attractive route for the synthesis of monodisperse

nanocrystals with high yield, narrow size distribu-

tion, and good crystallinity.[18] In the present paper,

monodisperse NiO nanocrystals with an average par-

ticle size of 3 ± 0.4 nm are synthesized via a mod-

ified thermal decomposition route. Compared with
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the conventional thermal decomposition procedures,

which are carried out under Ar atmosphere, the cur-

rent synthetic procedure is a modified version under

a continuous O2 flux. The SGL behavior and the EB

effect have also been observed at low temperatures in

monodisperse NiO nanocrystals.

2. Experiment

All the materials used were purchased without

further purification. The chemical reactions were car-

ried out in a mild temperature organic solution under

O2 atmosphere. The overall synthetic procedure is

shown in Fig. 1. In a typical synthesis route, a mixture

of oleylamine (11 g, 96%) and nickel(acetylacetonate)2
(0.52 g, 99%) was stirred magnetically at 100 ◦C to ob-

tain the Ni-oleylamine complex. The resulting green

solution was injected with triphenylphosphine (3.7 g,

99%), and was heated up to 200 ◦C for 30 min. After

cooling to room temperature naturally, excess ethanol

was added to the yellowish-brown solution to give a

yellow precipitate, which was isolated via centrifuga-

tion, washed fully with ethanol, and dried before dis-

persing in hexane.
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Fig. 1. The synthesis of NiO nanocrystals by the thermal decomposition of Ni-oleylamine complex under O2 atmosphere.

The structure and morphology of the as-

synthesized nanocrystals were characterized using X-

ray diffraction (XRD, Philips X’pert pro) and trans-

mission electron microscopy (TEM, FEI Tecnai G2).

X-ray photoelectron spectroscopy (XPS, PHI Quan-

tera SXM) was used to determine the oxidation state

of Ni in the NiO nanocrystal. Magnetic measurements

were performed using a commercial physical property

measurement system (PPMS, Quantum Design).

3. Results and discussion

The XRD pattern for the NiO nanocrystal is

shown in Fig. 2. The diffraction peaks observed at

the angles of 37.4◦, 43.5◦, 62.9◦, 75.3◦, and 79.3◦ can

be indexed to the (111), (200), (220), (311), and (222)

planes of the cubic NiO phase, respectively. The cal-

culated lattice parameter of the NiO nanocrystal is

a = 4.178 Å, which is in good agreement with the

value of 4.172 Å reported in the literature (JCDF card

No. 78-0423). Notably, no other impurity phase is ob-

served in the XRD pattern.

Figure 3(a) shows a TEM image at low magnifica-

tion, revealing that the NiO nanocrystals have a tight

size distribution with an average particle diameter of

3 ± 0.4 nm. The single crystallinity of the particle is

checked by the high-resolution TEM (HRTEM) im-

ages. We show a HRTEM image of a typical single

particle in Fig. 3(b), which indicates the crystalline

nature in the core part and the presence of structure

disordered layers in the surface part of the nanocrys-

tal. The lattice spacing of 0.208 nm in the image corre-

sponds to the interplanar separation between the (200)

lattice planes. Although the mechanism for the forma-

tion of the structural disorder regions is not clear yet,

it can be correlated with the broken chemical bond

and the amorphous structural defects, which extend

to a few atomic layers from the surface of AFM NiO

nanocrystals.[19] Figure 3(c) shows the selected area
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Fig. 2. The XRD pattern of the monodisperse NiO nanocrys-

tals.
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Fig. 3. (a) Typical TEM image, (b) HRTEM image of a

single nanocrystal, and (c) the corresponding SAED pat-

tern of the NiO nanocrystals.

electron diffraction (SAED) pattern taken from the

same area of the TEM image in Fig. 3(a), which

confirms that the lattice spacings are consistent with

those found in NiO. This is consistent with the XRD

data given in Fig. 2.
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Fig. 4. The XPS spectra for the (a) O 1s and (b) Ni 2p

core levels of the monodisperse NiO nanocrystals.

Further evidence for the purity and the composi-

tion of the products is obtained by XPS. Figures 4(a)

and 4(b) show the XPS spectra of the nanocrystals

for the O 1s and Ni 2p core levels, respectively. The

O 1s spectrum consists of a main peak at 529.5 eV

with a shoulder at ∼ 1 eV higher than the binding en-

ergy. The Ni 2p spectrum comprises two regions rep-

resenting the Ni 2p3/2 (850–865 eV) and the Ni 2p1/2

(870–885 eV) spin-orbit levels. The Ni 2p3/2 region

consists of a main peak at 854.8 eV with a shoulder

peak (∼ 1 eV above the main peak) and a satellite

peak (∼ 7 eV above the main peak); similar features

are observed for the 2p1/2 region. The binding ener-

gies of the main and the satellite peaks in the O 1s

and the Ni 2p core levels are consistent with those

obtained in the previous report on NiO.[20]
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Fig. 5. Temperature dependences of magnetization in

ZFC and FC processes. The magnetic field used is 0.01 T.

The inset shows the temperature dependences of the real

component of ac magnetic susceptibility under different

frequencies.

The temperature-dependent magnetization

curves in the zero-field-cooled (ZFC) and field-cooled

(FC) processes with a 0.01 T applied field are shown

in Fig. 5. The FC magnetization shows a continuous

increase upon lowering the temperature, thus showing

non-interacting or weak interacting particles.[21] The

ZFC magnetization bifurcates from the FC process

and shows a sharp and narrow peak at around 18 K,

where the peak temperature Tf ≈ 18 K can be referred

to as the average freezing temperature of the system.

A similar result was also reported by Zysler et al.[14]

To further study the magnetic transition, we measure

the ac susceptibility χac of the NiO nanocrystal in the

5–80 K range at 0.1 kHz, 1 kHz, and 10 kHz (see the

inset of Fig. 5). We can see a pronounced peak around
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22 K. A careful investigation of χ′(T ) reveals that with
the rise in driving frequency (from 0.1 kHz to 10 kHz),

the peak intensity decreases, and a small shift of peak

position towards higher temperatures takes place.

Such a frequency dependence of χac is commonly ob-

served in spin-glass systems.[22] In the present system,

the asymmetric atomic arrangement and the broken

exchange bonds of the magnetic cations in the layer

disordered structure will lead to competing interac-

tions between the randomly oriented spins. These

competing interactions are known to cause spin frus-

tration and consequently the SGL phase.[23] Thus, the

SGL phase can exist in the layer disordered structure

on the NiO surfaces, and the spin-glass transition ob-

served in the ZFC curve should be the contribution of

the surfaces.

The nanosized NiO with a surface SGL shell cou-

pled with the inner AFM core has a natural structure

for EB generation. In this paper, the EB effect is

studied by measuring the magnetic hysteresis loops at

10 K after both ZFC and FC from 350 K under a cool-

ing magnetic field of 2 T. As shown in Fig. 6, it can

be seen that the hysteresis loop keeps a good central

symmetry in the ZFC process but displays a negative

exchange bias field (HEB) HEB ≈ 550 Oe and a coer-

civity enhancement ∆HC ≈ 95 Oe in the FC process.

TheHEB is generally defined asHEB = −(H1+H2)/2,

where H1 and H2 are the left and the right coercive

fields, respectively. Additionally, the system also ex-

hibits a positive vertical magnetization shift Mshift ≈
0.053 emu/g, where Mshift is the difference in satu-

ration magnetization between the measured loop and

the loop centered in the M axis.
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Fig. 6. ZFC and FC hysteresis loops measured at 10 K.

The FC is under a magnetic field of 2 T from 350 K. The

inset shows an enlarged view of the central part.

Nanoparticles can usually be considered to be

composed of two parts. The inner part is the core,

and the outer part is the shell. It has been revealed

that for the NiO nanocrystals, the surface layers prefer

to be SGL due to spin frustration. In order to gener-

ate the EB effect, the system must contain at least two

exchange-coupled phases:[2] a reversible phase whose

magnetic moment can be reversed, and a fixed phase

whose moment cannot be reversed during the hystere-

sis loop measurements. As pointed out by Nogués et

al.,[2] the SGL surface layer acts as FM on the AFM

nanoparticle. Therefore, the SGL phase in the shell is

the reversible phase; the AFM core is the fixed phase.

When the sample is cooled down from 350 K to 10

K under an applied magnetic field, the moments in

the shell line up with the field, and the spins next to

the AFM core arrange along a specific direction due

to the exchange interaction at the interface. Then the

AFM spins at the interface exert a microscopic torque

on the spins in the shell to keep them in their original

direction during the magnetic field reversal. Thus, the

magnetization loop is shifted to the opposite field axis,

and a horizontal EB occurs. On the other hand, the

opposite field can only reverse part of the SGL spins,

the rest of the SGL spins stay frozen, which will show

up as a vertical magnetization shift.

4. Conclusion

In this paper, monodisperse NiO nanocrystals

with an average particle diameter of 3±0.4 nm are

successfully synthesized by a modified thermal decom-

position route, and this is confirmed by the excellent

correlation among the XRD, TEM, HRTEM, SAED,

and XPS data. The resulting material exhibits an

SGL behavior at low temperatures due to the exis-

tence of a magnetically disordered surface shell. More-

over, the magnetic hysteresis loop shifts toward both

the horizontal and the vertical directions at 10 K after

field cooling. The observed EB effect is attributed to

the exchange coupling between the AFM core and the

SGL shell.
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