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The anomalous appearance of a ferromagnetic moment in nominally antiferromagnetic

nanoparticles has been known about since N�eel, but never well understood. We present proof of the

core/shell model of magnetism in antiferromagnetic NiO nanoparticles (NP) using neutron

diffraction. Nickel oxide nanoparticles were produced in a large quantity by a novel continuous

hydrothermal flow synthesis method. The antiferromagnetic nature of the nanoparticles allowed the

structural and the magnetic diffraction peaks to be completely separated. Using both the

microstructure option in "Fullprof" microstructure fitting suite and convolution techniques, we

determined the NP consisted of an ordered antiferromagnetic core 5.2(2) nm in diameter

surrounded by a disordered shell 0.7(2) nm thick. Further magnetic measurements showed that this

disordered shell possess a significant polarisable magnetisation, up to a fifth that of pure nickel.

They also indicate that two magnetic transitions occur between 400 and 10 K; around 350 K, there

is a broad transition from paramagnetic to a form of superparamagnetism, then near 30 K there is a

transition to a higher anisotropy state. Differences in field cooled and zero field cooled hysteresis

loops were found, though with no evidence of exchange bias effects. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4819807]

INTRODUCTION

Recently, magnetic nanoparticles (MNPs) have become

a subject of intense research in a myriad of different fields,

from catalysis1,2 and pattern formation3 to MRI contrast

agents4 and for diagnoses in magnetic biosensors.5 One of

the most studied areas of research is biomedical and clinical

applications of MNP,6,7 either as a means of targeted drug

delivery8,9 or for magnetic hyperthermia to treat cancer.10–12

Many of these applications require control over the magnetic

properties of the particles, which has so far lagged behind

the advanced research into the various growth techniques of

MNP.8

A feature common to both superparamagnetic and ferro-

magnetic MNPs is the addition of correction factors, which

must be included when calculating their magnetisation com-

pared to the expected bulk value. These factors are predomi-

nantly explained as accounting for finite size effects;

however, the nature of these effects is as yet, unresolved.

Many have conjectured that it is a surface anisotropy, which

causes these surface spins to become non-magnetic or orien-

tate in a different configuration from the core spins.13,14

There has been a plethora of recent work on the mag-

netic properties of antiferromagnetic nanoparticles, many of

which report the well known existence of a ferromagnetic

moment on the NP.15–18 A common theory put forward to

explain this ferromagnetic enhancement is a form of core/

shell model where the core spins are antiferromagnetically

aligned and the outer shell spins somehow give rise to the

ferromagnetic moment.16,17,19 It is mathematically proven

that systems such as these must exhibit frustration at the sur-

face;20 however, there is currently no agreement as to the

exact nature of the shell and the cause of the moment.

This work aims to unambiguously show the existence

of the magnetically disordered outer layer and the validity

of the “core/shell” model in single crystal magnetic NP.

We approach this with a combination of neutron powder

diffraction and magnetometry measurements. Using neu-

tron diffraction allows the NP magnetism to be probed

simultaneously with the structural information, which

could otherwise be obtained by conventional x-ray diffrac-

tion. In order to completely separate the magnetic from

the structural diffraction peaks, we used uncoated antifer-

romagnetic NiO nanoparticles.

EXPERIMENTAL

NiO has a simple NaCl structure with the space group

Fm�3m and a lattice parameter of a¼ 4.168(6) Å. Below the

N�eel temperature (TN¼ 523 K), NiO orders antiferromag-

netically with a [1=2 1=2 1=2] propagation vector producing a

type 2 fcc structure in which the moments in {1 1 1} planes

are coupled ferromagnetically, while in the adjacent planes

they are aligned antiparallel. This results in a magnetic cell

doubling and the emergence of purely magnetic peaks below

the N�eel temperature.
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The NiO NPs were made using a pilot scale continuous

hydrothermal flow synthesis process; a 20� volumetric scale

up of an analogous laboratory process.21 A complete descrip-

tion of the process, construction, and validation is presented

elsewhere.21–23 A schematic of the process used in this work

is presented in Figure 1. Briefly, the NiO particles were pro-

duced by reacting a supercritical water flow issuing from P-1

at 450 �C, 24.1 MPa (350 ml min�1) with a ambient tempera-

ture flow of 0.08M nickel (II) nitrate solution (P-2) combined

with a flow of 0.1M KOH solution (P-3) each at 175 ml

min�1 in a confined jet mixer (CJM), the temperature of the

mixture was 335 �C. Upon mixing the supercritical water

with the precursor solutions, the rapid hydrolysis and dehy-

dration of the Ni salt lead to the formation of many particle

nucleates with minimal growth. After formation in the CJM,

the particles were cooled in flow and were collected as slurry

at the end of the process after passing through a back pres-

sure regulator used to maintain the process at 24.1 MPa. The

slurry containing the NP was cleaned by dialysis against a

buffer solution of >15 MX deionized (DI) water. After dial-

ysis, NiO was freeze-dried. The particles were left intention-

ally uncoated in order to minimise the incoherent scattering

due to hydrogen, which would otherwise occur in a neutron

experiment.

A detailed structural determination was carried out using

the high resolution neutron powder diffractometer, D2B, at

the Institut Laue-Langevin (ILL) in Grenoble. Since the

coherent nuclear scattering amplitudes of the constituent ele-

ments in this study, Ni (10.3 fm) and O (5.803 fm), are sig-

nificantly different, neutron diffraction is particularly

appropriate. Using D2B and a neutron wavelength of 1.59 Å,

diffraction patterns were recorded over the two-theta range

10� to 150� in steps of 0.05�. The sample was placed in a

thin walled vanadium can of diameter 5 mm, which was

located in an “orange ILL cryofour” providing stable temper-

atures of 5 K and 550 K. The diffractometer was calibrated

and the intrinsic resolution was determined using a

“standard” powder sample of alpha Na2Ca3Al2F14, the reso-

lution, so determined, was then used in the refinement of the

NiO data. Due to the finite size of the particles, the lattice

diffraction peaks were broadened commensurate with the

particle size. Using the Scherrer peak broadening formula, it

is hence possible to extract the sizes of the overall lattice

producing the broadening. This can be done either manually

by fitting each peak with an individual Gaussian, or using

refinement programs such as “Fullprof.” The peaks of the

NiO NP were typically a factor of 6.2 wider compared to the

standard sample, showing this is not a small effect.

The refinement was carried out using the “Fullprof” pro-

file fitting suite and analysis of the individual peaks was

achieved using both “Fullprof” and also by convoluting a

Gaussian response with the observed profile of the standard

sample at the same or approximately the same two theta

value for comparison. This was done due to the small num-

ber of magnetic peaks, which were observed. Both of these

approaches were found to give very similar results.

SQUID magnetometry was carried out using a Quantum

Design MPMS over a range of temperatures (400–5 K) meas-

uring hysteresis loops and magnetisation as a function of

temperature, time, and applied field. These measurements

were taken for both NiO nanoparticles as well as NiO pow-

der as a reference sample consisting of particles many

microns in size, obtained from Sigma-Aldrich, in order to

determine the bulk behaviour.

RESULTS

The nanoparticles were confirmed as free from possible

nitrates by thermo-gravimetric analysis (not shown). X-ray

powder diffraction was also used to check their pure stoichi-

ometry and to estimate the structural size. Transmission elec-

tron microscopy was performed to check their crystallinity

and monodispersity, as shown in Figure 2.

The neutron powder diffraction patterns, taken at 550 K

and 5 K, are shown in Figure 3. The fitted profile (black) and

difference between the fit and the data is inset, indicating an

excellent match, the chi squared values for the 550 K and

5 K fit are 2.5 and 2.9, respectively. The peak at around

FIG. 1. A schematic of the NP synthe-

sis method. Supercritical water from P-

1 is mixed with ambient nickel nitrate

from P-2 and potassium hydroxide

from P-3 in a confined jet mixer. This

precipitates out the nanoparticles,

which are collected from the slurry af-

ter cooling.
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Downloaded 28 Sep 2013 to 144.82.108.120. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



2h¼ 40� is due to the cryostat as was confirmed by removing

the sample and measuring again. At high angles, both the

patterns are very similar (due to the decay of the magnetic

form factor);24 however, at low angles new peaks emerge

due to the onset of antiferromagnetism below TN. The peak

near 13� has been indexed as the (1=2 1=2 1=2) reflection and is

the focus of our study of the magnetism in NiO NP.

Refinement of the magnetic structure using all the magnetic

peaks leads to a solution identical to that of bulk NiO found

by Roth,25 i.e., a type 2 antiferromagnet with a moment of

1.90 6 0.02 lB per nickel atom directed along the [1 1 –2]

direction, perpendicular to the projection vector.

Several peaks were used to determine any lattice con-

tractions due to thermal expansion or other effects which

may occur with temperature. Due to the enhanced peak

widths, it was not possible to identify any splitting arising

from magnetostrictive transitions below TN.26 For the (2 2 0)

nuclear peak, this is shown in Figure 4. Superimposing the

(2 2 0) profiles observed at 5 K and 550 K shows that the

peak shape does not change over this temperature range,

indicating the stability of the particle size and shape.26

Comparing the diffraction pattern with that from a standard

(Na2Ca3Al2F14) clearly shows that the Bragg peaks of the

NiO NP are significantly broadened. A systematic compari-

son shows that the broadening is uniform and consistent with

the presence of spherical particles. However, at 5 K a slight

lowering of the background is visible due to decreased ther-

mal scattering at low temperature, though the full width at

half maximum is unaffected. Therefore, no temperature

dependant corrections were needed to the structure in the

microstructural analysis.

Whilst all the peaks were used to refine the magnetic

and structural core sizes in the microstructural analysis, the

(1=2 1=2 1=2) and the (2 2 0) were the clearest purely magnetic

and structural peaks, respectively. The fits to these peaks are

shown in Figure 5 and the results are presented in Table I.

The particle size is consistent with the TEM images,

inset Figure 2, which estimate the size as 70(15) Å; however,

FIG. 2. Transmission electron micro-

graph of the NiO particles showing

their relative monodispersity (size his-

togram inset right gives an estimate of

7(2) nm) and the inset left demon-

strates their crystallinity.

FIG. 3. Neutron powder diffraction (red) and fit (black) for the NiO NP at

550 K (top) and 5 K (bottom). The peak around 40� arises from the cryostat;

at low temperatures, below TN, an additional peak arises due to the antiferro-

magnetic ordering of the NiO, clearly visible near 13�. The bottom line

(blue) is the difference between the data and the fit; the 550 K and 5 K data-

sets have v2 values of 2.5 and 2.9, respectively.

083906-3 Cooper et al. J. Appl. Phys. 114, 083906 (2013)
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the antiferromagnetic core differs from the size of the NP.

These results provide proof that the surface layer of the NP

possess no spontaneous long range order and that this layer

is around 7 Å thick. We now continue our investigation using

SQUID magnetometry in order to determine the nature of

this layer.

Isotherms were measured at temperatures ranging from

5 K to 400 K and selected traces are shown in Figure 6 with

an inset of magnetisation measured as a function of tempera-

ture. Large NiO crystals were measured over the same field

and temperature ranges and confirm that the magnetic signal

from the MNP originates from the magnetism of the outer

shell, rather than the antiferromagnetic core. The isotherms

at 100 K, 200 K, and 300 K have a curvature similar to that

observed in superparamagnets or para/antiferromagnets with

a polarisable impurity. However, neither of these scenarios

seems applicable. As we can see in the inset of Figure 7, the

Langevin function provides a poor fit to the normalised data

at 325 K and lowering the temperature only deteriorates the

fit, so they do not behave superparamagnetically. The tem-

perature dependence of the curves is shown in the main part

of Figure 7. The nature of the system means that the polaris-

able impurity seems implausible also. Instead, we predict a

frustrated, disordered spin arrangement with competing

interactions between the antiferromagnetic bulk coupling,

the surface shape anisotropy, and the applied magnetic field.

In this case, the first two anisotropies will be local environ-

ment dependant.

Below 30 K, there is a transition to an additional state

with higher magnetic anisotropy. This is indicated by the

10 K and 5 K (not shown) isotherms having a smaller initial

gradient and crossing over the higher isotherms and also by

the reduction in magnetisation in the magnetisation versus

temperature measurements. The correlations giving rise to

the curvature in the isotherms have gone by 375–400 K

indicating a broad transition around 350 K. The same

responses are not visible in isotherms taken on the large NiO

reference crystals, thus it must be a surface effect.

The 400 K isotherm is essentially linear with a suscepti-

bility of �27� 10�5 emu g�1, which is approximately 3

times larger than that of antiferromagnetic bulk NiO at the

same temperature.27 This we attribute to being below the

transition temperature of the apparent onset of "ferromagnet-

ism" due to polarisable, non-antiferromagnetically aligned

spins in the shell.

A series of magnetisation measurements were taken with

time at various temperatures, the NPs were cooled in a field

(10 000 Oe data shown) which was then removed, the result-

ing relaxation of magnetisation with time was measured. It

was found that the NP relaxed at temperatures up to 300 K

(the highest measured), but the magnitude of the moment was

reduced with temperature. The decay of the magnetisation

was fitted using a simple exponential decay of the form

M ¼ M0e�
t
s þM1: (1)

FIG. 4. A view of the (220) structural peak at both 550 K and 5 K showing

the FWHM, which is temperature invariant.

FIG. 5. The structural (2 2 0) peak at 550 K and the magnetic (1=2 1=2 1=2)
peak at 5 K with Gaussian fit convoluted with the instrument resolution func-

tion used to determine the particle size.

TABLE I. A summary of the results of fitting the nuclear and magnetic peaks to find their relative sizes.

TEM diameter [Å] Diameter [Å] Volume [�10�20 cm3] Mass [�10�19 g] NNi [atoms]

Particle 70(20) 65(1) 14.3 9.6 7890

Core … 51(1) 6.95 4.63 3810

083906-4 Cooper et al. J. Appl. Phys. 114, 083906 (2013)
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The time constant s varied with temperature and the con-

stants M0 and M1 are the magnetisations at zero and infinite

times, respectively. The fit of the relaxation to a simple ex-

ponential decay rather than a stretched exponential or a loga-

rithmic dependence is in contrast to previous experiments on

spin glasses.28,29 A simple exponential is equivalent to a

stretched exponential with zero stretching factor, but based

on the theory behind their stretching factor,30 which would

require an unphysical infinite dimensional potential trapping

the spins. Thus, we can rule out a traditional spin glass as the

magnetic structure in the shell of the particles

Hysteresis loops of the particles were taken at 5 K, hav-

ing previously been cooled from 400 K both with and with-

out a field of 50 000 Oe as shown in Figure 8. The field

cooled (FC) and zero field cooled (ZFC) loops are shown in

Figure 9. The coercivities of both loops are 410(10) Oe with

the steps at 1700(100) Oe. The remnant field for the ZFC is

1.10(2) emu/g, whereas for the FC case it is higher, at

1.56(2) emu/g and the steps in magnetisation are 1.00(2)

emu/g and 1.21(2) emu/g, respectively. It can be seen that

there is no exchange bias effect, nor any change in the coer-

civity as has been previously reported.31,32 However, the

theory of traditional exchange bias is not necessarily applica-

ble in the case of antiferromagnetic cores with disordered

outer shells, which can be ferromagnetically aligned.

Instead there is an increase in the moment of the par-

ticles for a given field. This may either be due to an enhance-

ment of the low temperature high anisotropy state, for

instance, competing cubic and uniaxial anisotropies,33 or to

our field cooling routine not being able to go to temperatures

over the shell’s Curie temperature. This would mean that the

ZFC measurement may not be that of the true ZFC state

leaving room for unseen exchange bias effects. The inset of

Figure 9 indicates the existence of competing anisotropies.

We conjecture that these arise from a form of surface

FIG. 6. Selected isotherms of NiO nanoparticles showing the transition from

mostly paramagnetic at 400 K to a form of superparamagnetism from 200 to

30 K then finally to a state of higher magnetic anisotropy below 10 K. Inset

shows magnetisation versus temperature in an applied field of 1000 Oe

showing clearly the same transitions.

FIG. 7. Normalised isotherms with background paramagnetism removed,

inset shows the 325 K curve fitted with a Langevin curve, showing poor

agreement between superparamagnetic theory and these nanoparticles.

FIG. 8. Magnetisation versus time measurements, the main graph shows the

magnetisation relaxation as a function of time at 5 K for NP cooled in a field

of 1 T, which was then removed. The black line through the data is a simple

exponential decay fitted to the data. Inset shows the same measurements

made at different temperatures, all showing the same exponential relaxation

of the magnetisation.

FIG. 9. Hysteresis loops taken at 5 K with field cooling (red) and zero field

cooling (black) with zoomed inset.
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induced shape anisotropy and exchange coupling from the

core antiferromagnetically aligned spins. Further investiga-

tion using high temperature SQUID measurements are on-

going. All hysteresis loops and isotherms of the bulk NiO

show purely paramagnetic behaviour, as expected.

DISCUSSION

As far back as N�eel, it was realised that NiO is a good

model system for antiferromagnetism, but that in fine grains

(nanoparticles) some form of uncompensated magnetisation

exists.34 Our magnetisation results are of the same magni-

tude as Richardson35 and Kodama.32 However, the wide var-

iations in published results imply that subtle differences in

similarly made particles may produce relatively large varia-

tions in the apparent ferromagnetism. Kodama et al., in par-

ticular, have published several papers on the origins of the

magnetic moment32,36,37 in NiO NP. For particles smaller

than those in this study, they propose a number of discrete

sublattices of non-collinear spins, whose presence is induced

by the surface anisotropy with additional effects from the

surface spins. Using neutron diffraction, these sublattices are

indistinguishable from each other as they all lie in the plane

perpendicular to the propagation vector. Though for the par-

ticle size investigated only two are expected from their cal-

culations.36 They also calculate32 that the observed moments

for NiO NP are too large for a simple type 2 antiferromag-

netic lattice with uncompensated spins on the surface. Our

results agree and are consistent with this, though their calcu-

lated and measured hysteresis curves have a markedly differ-

ent shape from Figure 9.

The high resolution TEM images show that the lattice

fringes seem to extend to the edge of the NP. Any defects of

vacancies on the surface would be difficult to see in such

images unless they were highly concentrated leading to disor-

der. Thus, it is impossible to rule out surface defects as the

cause of the effects mentioned here; however, it is unlikely that

such vacancies would extend all the way to the core in every

particle and cause the magnetic effects seen here. It is also

unlikely that the structural neutron diffraction peaks are all fit-

ted with very little strain and no additional surface layer. Thus,

we rule out such an explanation for the effects seen here.

By proving the existence of the non-antiferromagnetic

shell of spins, we can see that averaging over the entire particle

is not appropriate to characterise them. Instead, the magnetisa-

tion per gram of active material should be used, which is a fac-

tor of almost two in this case, giving approximately 10 emu

g�1 at low temperatures. This is around a fifth of the saturation

magnetisation of pure nickel38 (55 emu g�1), implying a much

less disordered surface state than previously reported.32,39

Wismayer et al.40 used polarised small angle neutron

scattering (PSANS) to look at granular, ferromagnetic, thin

films. They found very similar results to those presented

here. Their grains were of a similar size (6 nm) and tanta-

mount to MNP (they modelled them as such) and they found

a similar result with a shell of 13.5 Å around the ferromag-

netic core. We hypothesise that the thickness of the disor-

dered shell will be a function of the size of the nanoparticle

(the radius of curvature at the surface) as well as the

exchange stiffness of the material.

Several papers41,42 have explored the effects of dipole-

dipole interactions in magnetic NP systems. Jonsson et al.41

found that the effects of dipole-dipole interactions on ferro-

magnetic particles caused longer relaxation times than would

be expected for non-interacting particles at low temperatures

and that above some temperature (45 K in their case) that the

relaxation was best described by single particle dynamics.

Vargas et al.42 found that the interactions could be accounted

for with an additional (fictitious) temperature added to the de-

nominator of the Langevin function, which acts to increase the

blocking temperature of their system with increasing dipolar

interaction strength. In such systems, it is reasonable to assume

simple, single domain particles which can then form compli-

cated magnetic arrangements where each particle is effectively

a macro-spin. In the case of a polarizable outer shell of nomi-

nally antiferromagnetically aligned spins, this picture will not

hold. It is possible, even probable, that the particles can then

interact in some manner and arrange themselves into a magnet-

ically stable state. However, the outer surfaces of these NP are

also likely to do this, on an atomic scale. Quantitatively sepa-

rating the two effects would be extremely difficult, but we can

make some observations. Kodama et al.43 estimate that the

dipolar field from NiFe2O4 particles is <200 Oe; based on this

estimate, all high field (>1000 Oe) measurements should cor-

respond to the individual particle behaviour. Below this, we

would expect only a small perturbation on the single particle

behaviour, which may correspond to a different effective tem-

perature. It is expected that these interactions will be most im-

portant in the 0–200 Oe regime, which is mostly unimportant

for this study. Further investigations, separating the dipolar

effects, could be carried out by dispersing various concentra-

tions of NP in paraffin.

CONCLUSIONS

We have shown conclusive proof of the core/shell model

of magnetism in antiferromagnetic NiO nanoparticles and

ruled out surface defects/vacancies as the cause of such. The

core of the particles is antiferromagnetic as expected; how-

ever, the shell exhibits an unexpectedly large permanent

moment. Magnetic measurements show that there are two

magnetic transitions between 400 and 10 K, a broad transi-

tion from paramagnetic to a form of superparamagnetism

around 350 K and to a state of higher magnetic anisotropy at

around 30 K. This state is confirmed by the difference in

magnetisation between field cooled and zero field cooled

hysteresis loops at 5 K. However, these loops show no evi-

dence of exchange bias effects.
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