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Antiferromagnetic nanoparticles as ultimate low—dimensional materials potentially give novel magnetic properties which differ
from their bulk form due to the strong quantum and surface effects. Here, we original propose the observed anomalous ferro-
magnetic behavior in NiO nanoparticles to the formation of a ferromagnetism particle shell which is oxygen-vacancy related.
A novel self-consistent estimation to the saturation magnetization further confirmed our proposal. The samples synthesized by
thermal decomposition method exhibit diversely anomalous ferromagnetic behavior, such as hysteresis curves, large coercivi-
ties, exchange bias and spin—glass behavior. Large saturation magnetization of 0.536 emu/g exists in the 6 nm NiO sample and
it is found to decrease with increasing crystal size. Neither impurity element nor change of valence state has been found in
the samples through X-ray photoelectron, X-ray diffraction and selected—area electron diffraction measurements. Remarkably,
large amount of oxygen vacancies exist which was verified by X-ray photoelectron spectrum fitting results and Raman spectrum.
Post-hydrogen—annealing process strongly elevates ferromagnetic ordering as a result of surface defect enhancement. Moreover,
our estimate to the saturation magnetization based on a first principle calculation results is in agreement with the experimental
conclusion, which reveals significance of surface states to mediate anomalous magnetic properties in low—dimensional antiferro-
magnetic materials.

tronic states.>!314 It is also supported by theoretical works
which show the effects of surface curvature, quantum confine-
ment, and size on various properties of nanocrystals. !¢ AF
materials attract much attention because they are pinning lay-

1 Introduction

Since it was firstly reported the anomalous magnetic suscepti-
bility in antiferromagnetic (AF) nanoparticles by Richardson

and Milligan,! great effort has been paid to understand the
nature of those unexpected phenomena.>* Subsequent years,
ferromagnetic—like behaviors were found in a growing num-
ber of AF nanomaterials.”~7 Nevertheless, the mechanism of
these different physical properties remains debatable theoret-
ically. Many views were proposed to the observed ferromag-
netism (FM), such as different site occupancy of magnetic
ions, chemical valence change, presence of superparamagnet-
ic clusters, or vacancy related uncompensated surface spin-
5.248-10 Among these, it is highly probable that new surface
or interface states will be formed and play a role in inducing
FM order when the materials turn down—sizing into nanodi-
mensions. !"12 A series of experiment results show that the
size of low—dimensional systems, such as film thickness or di-
ameter of nanoparticles would influence the observed FM due
to the high surface to volume ratio and alternation in the elec-
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ers among exchange biasing which is already widely used in
magnetoresistive read heads and, furthermore, has been pro-
posed as candidates for generating magnetic recording medi-
a with high thermal stability.!” Therefore, understanding and
controlling the FM order in those systems is important in both
theory and future applications. '3

NiO has been widely investigated because of the excellent
and multifunctional magnetic properties. A rather high Néel
temperature (7y) and Mott—Hubbard insulator character dis-
tinguishes NiO from other AF materials.'*?° The presence
of anomalous magnetic properties in NiO nanomaterials was
first reported in 1950s.! Néel first proposed the 2—sublattices
model which is accepted for bulk NiO to explain the observed
puzzlements. The net moment of small AF nanoparticles was
attributed to the uncompensated surface spins which the num-
ber of magnetic spins oriented in opposite directions are not
equal.? However, further experimental facts show that the sat-
uration magnetizaition was much larger than the calculated
value in terms of 2—sublattices AF ordering. 2122 1 ater, multi-
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sublattice spin configuration was suggested to the observations
in those systems which allows for more net moments. ' An-
other mechanism based on the origin of moments, which was
widely accepted by researchers, is the presence of Ni** ions
within the NiO lattice. The Ni** ions have a low—spin 3d’
configuration which possess different magnetic moment from
Ni2*.2324 If the Ni** ions are concentrated at the particle sur-
face, the net moments will be considerable. This assumption
seemed plausible since NiO nanoparticles prepared by decom-
position at low temperature is always nonstoichiometric. %2326
But recent X-ray photoelectron spectroscopy (XPS) and X—
ray absorption spectroscopy results do not support the exis-
tence of Ni** in NiO nanostructures.>’-?® Other views such as
that defects bear the brunt of the moment origin, inevitable
metallic nickel cluster causes the FM, have also been pro-
posed.>?! Whereas, the controversy of FM origin is still open
and novel properties such as exchange bias and spin—glass (S-
G) behavior are discovered. This motivated us to explain the
unexpected FM of NiO nanoparticles, and the surface oxygen
vacancy is confirmed to be the dominant contribution of the
FM through both experimental analysis and first principle cal-
culation.

2 Experimental and calculation section

The synthetic product is obtained by a simple thermal de-
composition method. In a typical procedure, the precursor
Ni(OH), was prepared by coprecipitation with nickel nitrate
[Ni(NO3),-6H,0] and sodium hydroxide (NaOH). Briefly, 0.5
mol/L nickel nitrate and 10 mol/L sodium hydroxide was dis-
solved in deionized water respectively. After stirring for 30
mins, the sodium hydroxide solution was added dropwise to
the nickel nitrate solution under vigorous stirring. The pre-
cipitation occurred immediately and changed the reaction so-
lution to green. During the reaction, pH of the solution in-
creased gradually and precipitated completely until pH = 8.
After stirring for 1 hr, the obtained products were separated
by centrifugation and washed with deionized water for sever-
al times until impurity ion was free from Ni(OH),. Then the
precursor was dried at 60 °C in air for 12 hrs. NiO nanoparti-
cles were obtained by decomposing the Ni(OH), precursor in
argon at different temperatures. To hold the annealing details,
TG and DTA were measured for the precursor (not shown) in
argon atmosphere, indicating that Ni(OH), is completely de-
composed into NiO and H,O above 300 °C. So the annealing
temperatures were chosen from 300 to 700 °C every 100 °C.
All the samples were annealed for 2 hrs in argon with a gas
flow rate of 40 standard cubic centimeters per minute (SC-
CM), and named as S300, S400, S500, S600, and S700, re-
spectively.

The crystal structure and size was analyzed from their X—
ray diffraction (XRD; X’Pert PRO PHILIPS with Cu K, ra-

diation, Almelo, The Netherlands) patterns. Microstructures
of the samples were characterized using a transmission elec-
tron microscope (TEM; Tecnai TMG2F30, FEI, Hillsboro,
OR, USA) and high-resolution TEM (HRTEM) equipped
with selected—area electron diffraction (SAED). The measure-
ments of magnetic properties were performed using a Quan-
tum Design MPMS magnetometer based on a superconducting
quantum interference device (SQUID; San Diego, CA, US-
A) and vibrating sample magnetometer equipped with high
temperature chamber (VSM; VSM Model EV9, MicroSense,
LLC, Massachusetts, USA). Raman scattering spectra were
obtained using a Jobin—Yvon LabRam HRS80 spectrometer
(Horiba Jobin Yvon Inc., Edison, NJ, USA) with a 532 n-
m line of Torus 50 mW diode—pumped solid—state laser un-
der backscattering geometry. The chemical bonding state
and compositions of the products were determined by XPS
(VG Scientific ESCALAB-210 spectrometer, East Grinstead,
UK) with monochromatic Mg K, X-rays source (1,253.6 eV).
The thermogravimetric and differential thermal analysis (TG—
DTA; DuPont Instruments 1090B, Parkersburg, VA, USA)
was employed to obtain the thermal decomposition details of
precursor.

Our calculations are based on the density functional theory
(DFT) implemented in VASP code within the generalized gra-
dient approximation (GGA) due to Perdew, Burke and Ernz-
erhof (PBE). In order to describe the ion core electrons, the
projector augmented wave (PAW) potentials are used. The
electronic states are expanded in terms of plane waves with the
number restricted by maximal kinetic-energy cutoff of 520 eV.
All parameters in calculations are chosen to converge the total
energy to 1.0x107> eV. A 7x7x1 Monkhost and Pack grid
points were used for geometry optimization. The geometry
was optimized without any symmetry constraint until all resid-
ual forces on each atom were less than 0.01 eV/A. Since the
transition metal oxides are strongly correlated materials, the
on-site Coulomb repulsion parameter, the so-called Hubbard
U, should be taken into account. We perform all calculations
using GGA+U method with the parameter U equals to 4.6 eV,
which is self-consistently calculated from the linear response
approach.?” The magnetic moment of the Ni ions is correctly
described within the present GGA+U approach, which gives a
value of about 1.7 ug (Bohr magneton) well within the exper-
imental range of values ranging from 1.64 and 1.9 ug, better
than the value of 1.55 up obtained within GGA. 303!

3 Results and discussion

The XRD pattern for the Ni(OH), precursor is presented in
Fig. 1, and all the peaks are consistent with hexagonal struc-
ture Ni(OH), (JCPDS card no. 14-0117). After annealing, the
precursor was turned into rocksalt structure of NiO (JCPDS
card no. 47-1049). Absence of any other peak suggests that
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there is no secondary phase present. Using the Scherrer for-
mula for the full width at half-maximum of the main peaks,
the average crystal size was calculated to be around 6.1, 11.3,
19.8, 46.5, and 79.8 nm for the samples of S300 to S700 (inset
of Fig. 1), respectively. It can be understood that the crys-
talline size increases as the increasing annealed temperature.
To characterize the microstructure and morphology of differ-
ent NiO samples, TEM analysis was carried out and the re-
sults shown in Fig. 2. Obviously, all the products disperse
well and mean particle size gradually gets larger with increas-
ing annealed temperature. Representative particle size read
from Fig. 2(b) and (c) matches the mean crystal size calcu-
lated from XRD patterns well. Even in the smallest particle
sample S300, the clear atom arrangement can be found and
the corresponding lattice spacing is 0.21 nm equaling to the
interplanar spacing of rocksalt NiO in (200) plane [inset of
Fig. 2(a)]. The homologous SAED patterns of S300, S500
and S700 are depicted in Fig. 2(d)-(f). The diffraction pat-
terns change from rings to shiny spots with the grains grown
and all can be indexed to rocksalt NiO where the agreement
with the XRD pattern is excellent.
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Fig. 1 XRD patterns of Ni(OH), precursor and samples S300 to
S700. The inset shows average crystal size of samples S300 to S700
calculated by the Scherrer formula.

Magnetic property of precursor Ni(OH), was studied first-
ly, the magnetization curve as a function of applied magnetic
field (M-H) was measured at 300 K. As shown in the inset of
Fig. 3(a), no hysteresis loop is observed and only paramag-
netic (PM) signal is detected, which indicates the precursor is
non—ferromagnetism. Then the M—H curves were measured
for samples S300 to S700 and displayed in Fig. 3(a) under
a maximum applied magnetic field of 70 kOe at 300 K using
SQUID. Capsules free from metallic impurity were used as
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Fig. 2 Morphological characteristics of NiO nanoparticles. (a-c)
TEM images of samples S300, S500 and S700. Inset of (a) shows
HRTEM image of S300. (d-f) The corresponding SAED patterns of
samples S300, S500 and S700.

sample holders. Note that the bulk NiO is AF material which
should only show PM signal, but our samples clearly exhibit
FM hysteresis loops. Moreover, FM signals strongly depend
on the crystal size of samples, the strongest saturation mag-
netization (M) reaches 0.536 emu/g in the smallest grain size
sample S300. Those phenomena reflect that the room tem-
perature (RT) FM is nature of NiO nanoparticles and size ef-
fect plays a crucial role in performing FM signals. In addi-
tion, it can be seen from Fig. 3(a) that the AF susceptibility
changes faintly with the decreasing crystal size. Combining
with that the nanoparticles remain the lattice structure of bulk
NiO, it could conclude that main of the whole particle would
still maintain AF. This motivated us to consider NiO nanopar-
ticles present in a core—shell structure. ”-!>1432 FM originates
from surface of the crystal grains meanwhile the core still re-
mains AF. The M—H curves for sample S300 measured at d-
ifferent temperatures are shown in Fig. 3(b). The PM signals
were subtracted and magnetization becomes saturated at rather
large applied field about 60 kOe. It can be seen that the M,
decreases as the temperature increases from 10 to 300 K re-
vealing typical signature of a nominal FM-like material. The
coercive field increases in a monotonic fashion from a value
of 1.93 kOe at 300 K to 6.98 kOe at 10 K. The considerable
large hysteresis may be attributed to the pinning effect from
AF core to FM shell occurring at the interface. 33

To confirm the hypothesis above, we measured exchange
bias of S300. Both zero—field—cooled (ZFC) loop and field—
cooled (FC) loop at 10 K are shown in Fig. 3(c). The first
measurement was taken after demagnetization at 300 K and
then cooled down without applied field to the measurement
temperature (10 K), and in second run the measurements were
taken after 70 kOe FC process. Exchange bias field (H) can
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Fig. 3 (a) M—H curves of samples S300 to S700 which were
measured at RT by SQUID. The inset shows RT M—H curve of
Ni(OH), precursor. (b) M—H curves for sample S300 at different
temperatures, where the PM signals have been deduced. ZFC-FC
curve for sample S300 in the temperature range of 2 to 300 K at 500
Oe are shown in the inset. (c) ZFC and FC hysteresis loops
measured at 10 K for sample S300 which taken after zero field and
70 kOe field cooled processes respectively. The inset shows a
magnified view of the low—field data. (d) ZFC curves of sample
S300 by applying a range of different fields. The fitting curve of
freezing temperature 7 (read from ZFC curves) versus H is shown
in the inset.

be defined as the amount of the loop displacement and co-
ercivity (H.) as the half-width of the loop. Generally, in an
exchange biased system, loop displacement can be observed
in the limit where the coupling energy between FM and AF
phase is weak compared to the anisotropy energy of the AF
phase. Otherwise, the FM and AF spins rotate simultaneous-
ly, resulting in enhancement of H.. In our case, the exchange
bias exists distinctly: loop displacement Hey, is 3.65 kOe. Be-
sides, shift of loop is more pronounced than the increase of H,
(increased 1.80 kOe), proving the coupling energy between t-
wo phases is weak. Those may be due to the low content of
FM phase. !>3* Through above analysis, more details could
be confirmed: NiO nanoparticles are in a coexistence state
of AF and FM phase, FM signals come from the shell of the
whole grain; the coupling energy between AF core and FM
shell is weaker than the AF anisotropy energy. The inset of
Fig. 3(b) depicts temperature—dependent ZFC-FC magneti-
zation curves from 2 K to 300 K at 500 Oe. The dividable
curve reveals that the magnetization reversal is irreversible for
the NiO nanoparticles and Curie temperature (7¢) of the sam-
ple is above 300 K. When cooling down from 300 K, both
ZFC and FC curves follow a similar trend, that is, the suscep-

tibility increases slowly; until a broad peak at 115 K appears
in ZFC curve. Meanwhile, the FC curve monotonously in-
creases in the measured temperature range. Controversy still
remains in the magnetic properties around the susceptibility
cusp, it is not clear whether the system goes through a sharp
phase transition or a progressive freezing of the spins. There
were reports suggesting that the temperature peak represents a
superparamagnetic behavior of the interacting particles, while
other researchers believe that the peak symbolizes a freezing
temperature (77) due to the uncompensated surface moments
in a SG system. %26-3>-36 A5 a consequence, some methods had
been suggested to identify the classification of peaks. %3338
For SG behavior, Tt peak would shift towards lower temper-
ature side with the increasing magnetic field, the relationship
between cusp temperature 7t and applied field H depicts as
a function of Ty/Ty o< 1 — (H/J)*/3.37 According to this, the
measurement of ZFC curves was performed at different ap-
plied field for S300. The results are shown in Fig. 3(d) and
applied field was chosen as 0.5, 2, 5, 8, and 15 kOe respective-
ly. It can be seen that the broad peak has been suppressed and
shifts obviously to the lower side when the field becomes larg-
er. The fitted curve of cusp temperature versus applied field H
used the functional form above with unfixed index is shown in
inset of Fig. 3(d). The best fitting function is 7t =—0.239 x H
0636 4 128, where the index of applied field H is 0.636 which
is close to 2/3 indicating the expected SG behavior present in
our sample.

Investigation of temperature dependence magnetization
measurements above RT was performed on S300 and the re-
sults are shown in Fig. 4. In a typical measurement, sample
powders were pressed into slice and covered with alumina ce-
ramics to stick on the quartz sample holder. The alumina ce-
ramics and sample holders are non—ferromagnetism. It can be
seen that the magnetization versus temperature (M-T) curve
[Fig. 4(a)] shows rapid decay of magnetization from the initial
temperature region with the increasing measured temperature,
then a sharp susceptibility peak appears near 250 °C (523 K)
which indicating clear Néel transition of AF NiO. Since then,
the magnetization decreases continuously without obvious T¢
of phase transition from FM to PM in measured region. Fig.
4(b) shows the M—H curves measured at 120, 200 and 450 °C,
which are before and after the Néel transition respectively. M
decreases to 0.0085 emu/g at 450 °C but the curve still shows
clearly FM hysteresis even the AF ordering has already van-
ished at this temperature. It is noteworthy that the 7¢ of S300
is higher than that of metallic nickel (7¢c = 358 °C; 631 K)
which indicates that the FM is due to the intrinsic character of
NiO nanoparticles rather than presence of metallic nickel clus-
ter. Besides, Since the weaker exchange coupling between FM
and AF interface at high temperature, the value of H. drops
from 1.93 kOe at RT to 132 Oe at 120 °C. The results above
give an implication that FM ordering could exist independent
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of AF phase.
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Fig. 4 (a) M-T curve for sample S300 which were investigated in
the temperature range from 100 to 600 °C by VSM under the
applied field of 20 kOe. (b) M—H curves for the sample S300
measured at 120, 200 and 450 °C; where the PM signals have been
deduced. The inset shows the amplifying M—H part in the low—field.

The bonding characteristics and composition of the NiO
nanoparticles were captured by XPS to investigate whether the
observed FM in the samples is originated from metallic nick-
el cluster, valence change of Ni2*, or anion/cation vacancies.
Representative spectra of S300 and S700 are shown in Fig.
5(a). The result shows that only Ni, O, and C elements are p-
resented in XPS survey, where the standard C 1s peak at 284.6
eV was used as a reference for correcting the shifts. None of
other FM element contamination or metallic nickel has been
found. The Ni 2p3, photoemission line shape shows a multi—
peak structure [Fig. 5(b)] which has been widely discussed
in previous work.?7-28.3940 The spectra can be fitted by three
peaks corresponding to the binding energies of 854.0, 855.8
and 861.2 eV. It is accepted that the binding energy peak locat-
ed at 854.0 eV (Ni,) represents the Ni>* cation in octahedral
site of NiOg cluster, an additional shoulder peak separated by
1.8 eV (855.8 eV; Nip) at higher binding energy corresponding
to the Ni** in NiOs cluster which is oxygen vacancy related
at surface [The diagrams are shown in inset of Fig. 5(b)].%°
Another satellite peak of Ni 2p3/; can be found at 861.2 eV.
The mixture of bulk and surface components form the experi-
mental Ni 2ps > spectrum. Calculation on the area ratio of Ni,
to Ni, shows that the relative intensity decreases from 1.54
to 1.32 for samples S300 and S700; that reveals the concen-
tration of surface oxygen vacancies reduced with increasing
annealing temperature. Meanwhile, O 1s core level spectra
can be fitted by two peaks [Fig. 5(c)] which lower binding
energy peak located at 529.3 eV (O,) is attribute to O>~ ion-
s in NiOg cluster, the higher binding energy peak located at
531.0 eV (Op) can be assigned to the O?>~ ions in oxygen-
deficient regions close to the NiOs cluster. As can be seen in
Fig. 5(c), Oy, peak is always present and calculated relative
intensity of O, decreases from 0.94 to 0.67 as the crystal size
increases. Calculation of the relative chemical compositions
for S300 reveals a Ni:O molar ratio of ~ 1:0.89 at surface. The
above results could be interpreted as oxygen vacancies present

in all samples, and its concentration increased with increased
surface—to—volume ratio. More importantly, as decreasing the
crystal size, the larger relative area of Niy, and Oy, is, the larger
M; is. Oxygen vacancies have possibility to contribute to the
magnetization due to cancellation of superexchange interac-
tion between adjacent Ni>* which changes the spin-polarized
state of valence electrons, eventually making the shell of NiO
nanoparticles possess observable FM signals.
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Fig. 5 (a) XPS survey spectra of samples S300 and S700. (b, ¢)
High-resolution scans of Ni 2p3; and O Ls for samples S300 and
S700. (d) Raman spectra acquired from samples S300, S500 and
S700.

Additional structure information of NiO nanoparticles was
obtained by Raman spectroscopy. Fig. 5(d) shows the RT
Raman spectra of S300, S500 and S700. All the samples
show five peaks in the probed region of 200 — 2000 cm~!.
The first four peaks origin from lattice vibration which cor-
respond to one—phonon (1P) transverse optical (TO) and lon-
gitudinal optical (LO) modes at 495 cm™!, two—phonon (2P)
2TO modes at 730 cm—!, TO + LO at 906 cm~! and 2LO
modes at 1080 cm ™!, respectively. *!~*3 Generally, the intensi-
ty of one—phonon scattering increases significantly when NiO
is defect-rich or due to the surface effect.*! Note that the
disorder—induced 1P peaks at about 495 cm ™! in our samples
have rather large intensity, which reveals that more vacancies
are introduced when the grain size turns into nanoscale. The
last peak at 1486 cm~ ! is due to the two—magnon (2M) scatter-
ing which can be observed at RT because of the high Tx.*} 2M
Raman scattering in bulk NiO involves Brillouin zone edge
magnons which interact weakly with phonons and the width of
Raman lineshape is usually rather narrow.** However, the 2M
Raman response in our NiO nanoparticles experiences signifi-
cant broadening and weakening, even vanished in 6 nm crystal
size sample S300. Those indicate a decrease of AF spin cor-
relations for smaller size NiO nanoparticles. 41+

Until now, the possibility of present contamination and
metallic nickel has been already excluded, the observed FM
for the NiO nanoparticles must be an intrinsic property of this
material. As mentioned before, Raman spectroscopy results
give us a revelation that there are large amounts of vacancies

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-9 |5



RSC Advances

in our samples which are, further determined by XPS fitting
results, oxygen vacancies. To confirm whether the RT FM in
NiO samples is oxygen vacancy related, post-hydrogen an-
nealing was performed at 170 °C in different ratios of argon
and hydrogen for the as—prepared sample S300. It is well
known that the hydrogen annealing for oxides can efficiently
remove surface oxygen to create more structural defects. 464
The increased temperature enhances the reducibility of hydro-
gen. The active hydrogen molecules unite with the oxygen
atoms which loacted at the particles surface, and remove the
oxygen atoms by break the Ni-O bonds. We chose the anneal-
ing temperature below 550 K to avoid the formation of metal-
lic nickel.? The percentages of hydrogen in total flow rate (50
SCCM) were 2%, 10%, 20%, and 50%. Annealing tempera-
ture was kept constant for 4 hrs and then cooled naturally. The
products named S300H2, S300H10, S300H20, and S300H50,
respectively. Variational M of post—annealing samples versus
ratios of hydrogen are shown in Fig. 6(a). The inset is the
resulting M—H curves, where the PM signals have been sub-
tracted. For direct comparison, the data of as—prepared sam-
ple S300 are also included as beginning. It can be seen that
M immediately increased from 0.536 to 0.573 emu/g after
post—annealing even only 2% hydrogen ratio in the mixture
atmosphere. Following the raising of hydrogen ratio, M in-
creases continuously and finally reaches 0.638 emu/g. From
the Raman results of S300 and S300H50 [Fig. 6(b)], the in-
tensity of vacancy—induced 1P peak turns stronger after post—
hydrogen annealing which illustrates concentration of oxygen
vacancy indeed increases after annealing process. Meanwhile,
XPS measurements for S300 and S300H50 give the similar re-
sults, shown in Fig. 6(c) and (d). From the Ni 2p; 2 and O 1s
fitting results, relative area of Niy and Oy, peaks increases 18%
and 25% respectively after hydrogen annealing which indicate
that more oxygen vacancies were introduced into the sample.
In addition, none of Ni?* has been reduced into metallic nick-
el. Generally, mild hydrogen reduction can introduce oxygen
vacancies effectively by broke chemical bond between oxygen
atoms and cations. Those additional oxygen vacancies and/or
increased shell thickness would finally enhance the M.

To further understand the FM ordering in NiO nanoparti-
cles, we intentionally simplified the problem drastically, first-
principle calculations based on density functional theory were
carried out. The oxygen vacancies are present through the ex-
perimental results, so the influence of the oxygen vacancy on
magnetic properties of the NiO nanoparticle was investigated.
We built a NiO slab which has 5 layers of NiO slice with 8 Ni
and 8 O atoms in each layer. Two bottom layers of the slab
are fixed and all the other atoms are fully relaxed. The NiO
slab is separated by 8 layers of vacuum from neighboring su-
percell. The calculation process assumed a Nig9O39 supercell
containing one vacancy of oxygen at the surface. Introduc-
ing such a defect leads to a surface oxygen vacancy concen-

(b)lP

Mg (emu/g)
Intensity (a.u.)

S300H50|

0 10 20 30 40 50 400 800 1200 1600 2000

Hydrogen Vol. (%) Raman Shiftcm™1)
--o,

(c) Ni 2p3/2 | [(do1s o_m

Intensity (a.u.)
Intensity (a.u.)

852 858 864 528 530 532

Binding Energy (eV) Binding Energy (eV)
Fig. 6 (a) Variation of M; versus volume percentage of hydrogen in
post—annealing atmosphere for sample S300. M—H curves of the
post—annealing samples are shown in the inset where the PM signals
have been subtracted. (b) Raman spectra of the as—prepared sample
and S300H50. (c, d) Ni 2p3, and O Ls core level XPS data
measured for samples before (S300) and after (S300H50)
post—annealing process.

tration of about 12.5 at.%. Fig. 7(a) shows the total density
of state (DOS) of the supercell (for the convenient compar-
ing, we divided the total DOS by the number of Ni atoms),
and the DOSs of the nearest and next nearest neighbor Ni
atoms located around the oxygen vacancy. The results indi-
cate that one vacancy of oxygen carries a total net magnetic
moment of 0.104 up [Fig. 7(a)]. This confirms oxygen va-
cancies can indeed produce FM in AF NiO nanoparticles. To
further examine of the origin and distribution of the net mo-
ment, the difference charge density distribution calculations
were performed. For the case of oxygen vacancy, in Fig. 7(b),
the results show that the contribution to magnetism is mostly
from the four nearest neighbor Ni atoms and the next nearest
neighbor Ni atoms only offer little contribution to the total net
moment. Based on the above results, we performed an esti-
mation to the macroscopic moment of NiO nanoparticles. To
estimate the M, samples S300 to S700 were taken into consid-
eration and, for simplicity sake, some assumptions have been
put forward: (I) the samples consist of spherical particles with
uniform size; (II) the concentration of oxygen vacancy uses
the calculation value, 12.5%, which coincides with the rela-
tive chemical composition result from XPS measurement; (I-
IT) under the saturated field, the net moment arranged parallel
to the applied field. The estimation process is described by the
following equation:
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where pnp is the saturated moment of each nanoparticle, myp
is the mass of each nanoparticle, ngye; is the number of oxy-
gen atoms in FM shell, vg is the oxygen vacancy concentra-
tion, Uo is the magnetic moment of each vacancy carried, My;
and Mo are the molar mass of nickel and oxygen, Ny is the
Avogadro constant, ng is the number of oxygen atoms in a w-
hole particle, Vipep and rgpeq are the volume and thickness of
shell, Vnp and R are the volume and radius of the nanoparticle.
Substitute equation (2) into equation (1):

voUONA Tshell \3
= —— — 1 — 3
*7 Mo+ My ( R )yl )
Among equation (3), vo=12.5%, Up=0.104 usg,

Up=9.27x10"2! emu, Nao=6.02x10** mol~!, Mp=16.0
g~m01’1, MNn;i=58.7 g-mol’l, rshen=1.20 nm. The shell
thickness of the nanoparticles are read from a HRTEM image
of sample S300 which is shown in Fig. 7(c). To simplify
the computations, we assumed that this shell thickness also
applied to other samples. The particle radius of each sample
was using the average crystal size calculated by Scherrer
formula mentioned before (R=3.05, 5.65, 9.90, 23.25 and
39.90 nm, respectively). Through simple calculations, the
computational M varied with different size samples is shown
in Fig. 7(e) (black curve). It can be observed that the
changing trend of computational M is in agreement with the
experimental result [red curve in Fig. 7(e)]. This confirms
the size dependent FM signal indeed comes from the shell of
the particles. It is noteworthy that the theoretical computation
value is always larger than the experimental measuring ones;
that is mainly because the impact of thermal disturbance
was not taken into account during DFT calculations but the
M-H curves of samples S300 to S700 were measured at RT
(300 K). Besides, not all of the vacancy induced moment
contributes to the FM signal and the rough value of vo and
rshell Used in the estimation may also introduce errors in
computation results.>>>! The above analysis further revealed
that the observed FM signal is originated from oxygen
vacancy induced moment in the particle shell.

Reducing the dimensions of bulk NiO to nanoscale gives
us a path to tune its magnetic properties. Through the exper-
iment results mentioned above, when the crystal size is small
enough to a certain range (about 6 nm), the NiO nanoparti-
cles exhibit distinct FM signal. Besides, large H. and ex-
change bias effect is found by ZFC/FC loop measurements,
which indicates coexistence and coupling interaction between

0.6
0.8 i ing Eq.
@ - T (€)
//
‘/, . 0.6 0.4 3
Applied| | E
Field |(I1] 0.4 S
\ 0.2 ¥
\
0.2
Shell 7 oo o0
(FM)

S300 S400 S500 S600 S700
Samples

Fig. 7 (a) Total DOS of the Nig9O39 supercell (for the convenient
comparing, the total DOS was divided by the number of Ni atoms),
and DOSs of the nearest and next nearest neighbor Ni relative to the
oxygen vacancy. (b) Atomic structure and difference charge density
distribution of the supercell. The surface oxygen vacancy
concentration in this case is 12.5%. (c) HRTEM image of a S300
nanoparticle. (d) Schematic diagram of the morphological and
magnetic structures of the core-shell nanoparticles. (e) The
comparison of computational (black curve) and experimental
measuring (red curve) M; for different size samples S300 to S700.

AF core and FM shell. Additional XPS and Raman character-
ization demonstrates that large amount of oxygen vacancies
exists in samples. It can be understood that the crystal de-
fect grows mostly in the boundary and/or surface of grains.
With the decreasing size of NiO particles, the ratio of surface—
to—volume increases and more vacancies will emerge actually.
The chemical bond of Ni-O would be broken by introduc-
ing of oxygen vacancies. Such a vacancy carries a moment
of 0.104 up which confirmed by first principle calculation-
s. Through a simple estimation, the obtained M, for S300 to
S700 agrees well with the experimental result [Fig. 7(e)]. A
schematic diagram for core—shell structure NiO nanoparticles
is proposed and shown in Fig. 7(d). The shell contribution is
increasing with decreasing particle size and further enhances
observed FM. The appearance of exchange bias and large H,
is expected due to pinning effect from AF core to FM shell

This journal is © The Royal Society of Chemistry [year]
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in the boundaries. When different particles are in contact, the
AF cores are surrounded by a shell of frustrated spins and the
interactions between adjacent cores could modulate by shell
spins.3? The alternation of AF ordering regions and shell frus-
trated spin regions cross many nanoparticles is very similar to
the Ruderman-Kittel-Kasuya- Yosida SG models in metallic S-
G systems, and this may be the origination of SG behavior in
NiO nanoparticles. 3225

4 Conclusions

In conclusion, we have shown a distinct FM behavior in NiO
nanoparticles prepared by the simple thermal decomposition
method. The M; exhibits a clearly monotonous size depen-
dence which is attributed to form a core—shell configuration in
nanoparticles. We interpreted the considerable lager H. and
exchange bias in hysteresis loops as pinning effect between
AF core and FM shell. XPS and Raman measurements were
used to eliminate valence change of Ni’* and systematically
investigate the vacancy states. The results show that variation
of surface oxygen vacancy concentration is coincident with
the change of M. Both post-hydrogen-annealing result and
estimate of M, for each sample, based on the first principle
calculations, further confirm the above conceptions. Our find-
ings do not only give an insight into the origin of FM observed
in NiO nanoparticles but also provide a path to control the FM
ordering in AF materials.
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