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Abstract

The nanosized effects of short-range multimagnon excitation behavior and short-circuit diffusion in NiO nanowalls
synthesized using the Ni grid thermal treatment method were observed. The energy dispersive spectroscopy
mapping technique was used to characterize the growth mechanism, and confocal Raman scattering was used to
probe the antiferromagnetic exchange energy J2 between next-nearest-neighboring Ni ions in NiO nanowalls at
various growth temperatures below the Neel temperature. This study shows that short spin correlation leads to an
exponential dependence of the growth temperatures and the existence of nickel vacancies during the magnon
excitation. Four-magnon configurations were determined from the scattering factor, revealing a lowest state and
monotonic change with the growth temperature.
PACS: 75.47.Lx; 61.82.Rx; 75.50.Tt; 74.25.nd; 72.10.Di
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Introduction
Nanomaterials aroused considerable interest in the
twentieth century because it was found that nanoparti-
cles (0D, 1D, and 2D) ranging in size from 1 to 100 nm
exhibit novel properties which are significantly different
from properties of the bulk material. These properties
arise from different nanoscale effects such as the quan-
tum size effect, surface effect, finite size effect, and
macroscopic quantum tunnel effect [1-4]. Most of the
anomalous behaviors are observed in the nano-region of
antiferromagnetic- and ferromagnetic-amorphous and
crystalline nanoparticles [4,5]. For example, bulk NiO
has a two-sublattice antiferromagnetic crystalline struc-
ture, but on the nanoscale, it has a many-sublattice anti-
ferromagnetic crystalline structure [6] along with novel
mechanical, optical, electronic, magnetic, and thermal
properties. It has potential applications for catalysts, bat-
tery electrodes, gas sensors, electrochemical films, and
photoelectronic devices [7-11]. There have been numer-
ous qualitative and quantitative theoretical and

experimental investigations of NiO materials using
Raman and neutron scattering techniques [12-16].
Raman spectroscopy has been utilized to study magnon
and phonon excitation in bulk NiO and NiO nanoparti-
cles below the Neel temperature [2-4]. The dominant
superexchange interactions [17] between the next-near-
est-neighboring (NNN) Ni ions in the linear atomic
chain Ni2+-O2--Ni2+ in a multisublattice magnet have
been investigated. Analysis of the short range multimag-
non interaction and even determination of the config-
uration of the magnetic structure is becoming possible.
Vertical and interconnected two-dimensional nanostruc-
tures, such as NiO nanowalls have been produced with
various fabrication methods [18,19]. Such structures
have recently aroused a great deal of interest due to
their application in high performance Lithium ion bat-
teries [20]. Two-dimensional NiO nanowalls are consid-
ered to be ideal for the study of short-range magnetic
ordering due to their high surface to volume ratio, inter-
connecting behavior and open-edge geometry [19,21].
In this study, we report on the successful synthesis of

well-aligned and interconnected 2D nanowalls of NiO
by a simple thermal treatment method for oxidizing the
Ni grid. The energy dispersive spectroscopy (EDS)
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mapping technique is used to characterize the formation
of NiO nanowalls at various annealing temperatures.
This process can also be well described using a short-
circuit diffusion simulation. The interaction of light with
the spin degrees of freedom gives two-magnon (2 M)
and four-magnon (4 M) shifts in the Raman energy
spectra. The energy shift in the two-magnon peaks is
due to the lowering of local symmetry at the Ni2+ sites
caused by chemical substitution and vacancies. The
magnon configurations can be determined because of
the dependence of the two- and four-magnon peaks on
the growth temperatures.

Experimental details
A series of template-free NiO nanowalls with various
grain sizes were fabricated. The samples were prepared
by a process where a pure Ni grid (200 mesh) was
placed in a ceramic boat inside a quartz tube, which was
then evacuated to about 10-3 Torr using a mechanical
pump. The samples were then heated in a tube furnace
at about 200°C for 2 h for degassing before being heated
to various temperatures ranging from 400°C to 800°C
for 3 h in a mixed argon (100 sccm) and oxygen (10
sccm) gas. The morphology and structures of the pre-
pared samples were characterized using field-emission
scanning electron microscopy (JEOL JSM-6500F, JEOL
Ltd., Japan). For the SEM analysis, some of the nano-
walls were transferred by gently sliding them onto a
commercially available cooper grid with a carbon film.
The SEM images in Figure 1a, b, c, d, e shows the sur-
face morphology of NiO nanowalls with various sizes
synthesized at TA = 800°C, 700°C, 600°C, 500°C, and
400°C, respectively. It can be seen that the NiO nano-
walls form homogeneously on the nickel grid substrate.
The mean sizes <d > of the nanowalls were calculated
and defined from their width and grain, as shown in
Figure 1a, b, c, d, e, respectively. The distribution of the
mean width <d > of the NiO nanowalls as seen in Fig-
ure 1f is quite asymmetric, assuming a log-normal func-
tion distribution. The solid curves represent the fitting
curve assuming log-normal distribution function. The
log-normal distribution is defined as follows:

f (d) =
1√

2πdσ
exp

(
− (ln d − ln < d >)

2

2σ 2

)
, where <d >

is the mean value and s is the standard deviation of the
function. The mean NiO nanowall widths <d >, as
determined from the SEM images and described by the
fit of the log-normal function, were approximately 32(1),
75(2), 175(4), 239(8), and 416(18) nm, respectively. The
corresponding fitting parameters are presented in Table
1. The value of the standard deviation of fitted function
which is less than 0.5 for all annealing temperatures
indicates that the distribution is confined to a limited

range. There is a surprising contrast in sample color.
The resultant NiO nanowalls can be either “black” (TA

= 400°C and 500°C) or “green” (TA = 600°C-800°C),
containing nickel vacancies, depending on the growth
temperature and oxygen supplementation given various
concentrations of nickel vacancies.

Growth mechanism of NiO nanowalls
Analysis of morphology by FE-SEM
The SEM results showed a significant increase in the
average NiO nanowall width <d > from 32(1) to 416(18)
nm, with a clear dependence on temperature. It is still
unclear, however, under which condition grain growth
occurs, and whether it is mainly caused by thermal acti-
vation or induced by the annealing time. From the
macroscopic view, in this present study, the growth tem-
perature of NiO nanowalls was confined to between
400°C and 800°C, which is 0.275 and 0.55 times the
melting point of Ni melting (1,453°C), following the
parabolic rate law of Wagner’s scaling theory [22,23].
Figure 2 shows relation between the annealing tempera-
ture TA and the mean nanowall width <d >, where the
solid curve indicates the fit to the parabolic law and the
fitted values obtained. The phenomenon of NiO nano-
wall growth following recrystallization at the grain
boundaries has been well documented in the previously
report [24]. For example, Upadhyay and colleagues [25]
studied the effect of sintering temperature on grain
boundary character distribution in pure nickel. They
report on observations that the grain boundary distribu-
tion and grain growth are correlated well with the
accompanying microstructural changes. The annealing
of the Ni grid led to the oxidation of the surface Ni,
resulting in the formation of a polycrystalline nanosized
layer of NiO grains at the surface. Diffusion of oxygen
into the Ni voids takes place through these microcracks,
resulting in the further formation of NiO nanowalls at
the boundaries of the grains. A further increase in
annealing temperature results in the formation of a
nanowall-type structure over the Ni surface. The width
of the nanowalls increases with increasing annealing
temperature and at a sufficiently high temperature will
merge together. The annealing of Ni grid results in the
formation of NiO grains at a lower TA and a merged
nanowall film at higher growth temperature,
respectively.

Annealing temperature dependence of X-ray diffraction
The high energy synchrotron radiation X-ray diffraction
(SR-XRD) technique must be employed for detailed
investigation of the microcrack-induced strain leading to
the formation of NiO nanowalls because small changes
in strain are undetectable by the usual XRD techniques.
An analysis of the crystalline properties was carried out
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by XRD at the National Synchrotron Radiation Research
Center in Hsinchu, Taiwan (l = 0.7749 Å) using SR-
XRD with a BL01C2 beam line. Figure 3 shows the TA

dependency of the X-ray diffraction patterns. Here, the
different colors are used to differentiate the peak inten-
sity of the diffraction patterns. At the bottom of Figure

3, there are two nuclear peaks at the [1 1 1] and [2 0 0]
positions, indexed based on the space group of Fm-3m.
It is worth noting that the contribution of NiO is very
weak even at TA = 400°C. The intensity of the small
NiO grains (as can be seen in the SEM image) is weak
and undetectable in the SR-XRD images. These charac-
teristics (i.e., the small NiO grains) can be examined by
in situ confocal Raman scattering, suggesting by Miro-
nova-Ulmane et al. [26] of previous results obtained for
NiO nanoparticles. After increasing TA we observe a sig-
nificant broader peak around 2θ = 21.3°, which is asso-
ciated with the NiO structure of the Miller index [2 0
0], and indicates the coexistence of NiO nanowalls and
Ni grids. This may be explained by assuming the exis-
tence of the NiO phase, with the oxidation contribution
coming from the Ni atoms in the grid. The pattern in
the upper part of Figure 3 should contain, in principle,

Figure 1 SEM images of the NiO nanowalls. (a-e) SEM images of the NiO nanowalls with various mean widths <d > which were synthesized
at various annealing temperatures. (f) Distributions of mean nanowall width obtained from a portion of the SEM image of NiO nanowalls. The
solid lines represent the fitting curves assuming the log-normal function.

Table 1 Fitting parameters

TA (°C) Width <d > (nm) s (nm) Area

400 32 (1) 0.32 (3) 329 (24)

500 75 (2) 0.21 (2) 591 (54)

600 175 (4) 0.32 (7) 946 (102)

700 239 (8) 0.34 (3) 2,327 (196)

800 416 (18) 0.45 (6) 5,593 (432)

Summary of the log-normal distribution function fitting parameters obtained
from FE-SEM images of the NiO nanowalls.
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contributions mainly from the NiO phase after an
increase in TA near 800°C. The X-ray diffraction pat-
terns of the NiO nanowalls are refined using Rietveld
analysis [27,28]. The preferred orientation is taken into
account, as shown in Figure 4a, b, c, d, e. The diffrac-
tion pattern (black crosses) taken at various TA are
shown, where the solid curve (red curve) indicates the
fitted pattern. The difference (blue curve) between the
observed and the fitted patterns is plotted at the bottom
of Figure 4a, b, c, d, e. The obtained refined lattice para-
meters are shown in Table 2. Figure 4f shows the ratio
of integrated intensity of the [1 1 1] and [2 0 0] of the
NiO nanowalls as a function of TA. The ratio between
the [1 1 1] and [2 0 0] peaks is noticeably higher than
the standard value of 0.74 in NiO bulk at a lower TA

and close to the standard value when TA = 800°C. This
reveals that the NiO nanowalls for the Miller index [1 1
1] are oxidized more rapidly than for the other index [2
0 0]. The oxidized faces grow at a rate dependent upon

the preferred crystallographic orientation of the NiO [1
1 1] faces even at micrometer thicknesses, which is in
good agreement with previous observations [20]. Vargh-
ese et al. reported lattice fringes with an interplanar spa-
cing of 2.44 Å corresponding to the [1 1 1] planes in the
HRTEM image of the NiO nanowalls. For a face-cen-
tered cubic structure, the general order of the surface
energies associated with the crystallographic planes is g
{111} < g{100} < g{110}, so the [1 1 1] facets can be easily
stabilized [29]. Low surface energy could enhance the
growth rates along the [1 1 1] directions, further enhan-
cing aggregation of the NiO grains, leading to selective
induction of anisotropic growth on a specific facet to
form nanowalls.

EDS mapping
Since the NiO nanowall growth process is dependent on
the surface diffusion of Ni (with respect to the annealing
temperature and time), the cross-section of such a grid

Figure 2 Relation between the annealing temperature TA and the mean nanowall width <d >. The growth temperature TA dependence of
the mean nanowall width <d >, where the solid curve shows the fit to the parabolic law and the fitted values.
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should look like the core-shell structure of Ni/NiO. To
verify the formation of NiO nanowalls, further SEM
investigation was carried out. An EDS (Inca x-sight
model 7557, Oxford Instruments, UK) mapping techni-
que was used to measure the shell thickness of NiO. EDS
mapping generates a two-dimensional image indicating
the abundance of an element. The intensity of the image
allows direct visualization of the spatial distribution of
any element, such as nickel or oxygen, on the surface of
the Ni grid. Figure 5a depicts an SEM image of a cross-
section of the Ni grid of the selected sample (at TA =
700°C). It can be seen that the cross-section is not uni-
form with the formation of the core and shell being
dominated by Ni and NiO, respectively. Typical EDS ele-
mental spectra taken at the core and shell (indicated by
the white cross and circle in Figure 5a are shown in Fig-
ure 5b, c, respectively. The peaks shown in Figure 5b are

associated with a series of elemental Ni which can be
assigned to Ni-Lb1, Ni-Ka1, and Ni-Kb1 (the oxygen peak
is weak and can be ignored), verifying that the core cen-
ter contains only Ni element. The small peaks of Cu and
C were the result of the carbon film on the Cu grid from
mounting the sample. The surface shell, because of ther-
mal activation, showed an increase in the oxygen contri-
bution, shown in Figure 5c. Moreover, the Ni/O ratio is
estimated to be 0.91(1), which is close to the stoichio-
metric composition of NiO, indicating the high purity of
the nanowalls and the existence of nickel vacancies. Fig-
ure 5d, e show EDS mapping images of the distribution
of elements presented using the lock-in energy of Ni-Ka1

(7.3 to 7.6 keV) and O-Ka1 (0.4 to 0.6 keV), respectively.
The formation of NiO nanowalls can be mapped by EDS
observations and the diffusion at various points along the
length of the cross-section estimated. The inset to Figure

Figure 3 Two-dimensional map of intensity and TA dependence in X-ray diffraction patterns taken at room temperature.
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5d shows that the length (dashed line) is dependent on
the intensity of the elemental oxygen. There is an evident
step function on both edges of the inset of Figure 5d.
The width of the step <s > enables us to define the length
of diffusion of the nickel at various TA. The obtained

diffusion lengths are shown in Table 3. Thermal treat-
ment of the Ni grid is known to influence the rates of
oxide growth during nucleation and nanowall formation.
The diffusion length is also sensitive to the thermal treat-
ment time. A diffusion model is employed to interpret
the oxidation kinetics wherein nickel transport proceeds
in nickel oxide both by short-circuit and lattice diffusion.

Short-circuit diffusion in NiO nanowalls
The oxidation of metals in an ambient atmosphere
results in the formation of a protective oxide layer on
the surface of the metal, which will not allow any
further diffusion of oxygen from the surface. In the case
of Ni, where the diffusion coefficient of Ni is higher
than that of oxygen [30], surface diffusion takes place,
resulting in an increase in the NiO layer with annealing
temperature. It is well-known that annealing of the Ni
grid at a temperature above 500°C results in the para-
bolic growth of nickel oxide nanowalls. The contribution

Figure 4 The X-ray diffraction patterns of the NiO nanowalls. (a-e) X-ray diffraction and Rietveld refinement at various TA; (f) ratio of the
integrated intensity of [1 1 1] and [2 0 0] of NiO nanowalls as a function of TA. The ratio of the integrated intensity [1 1 1] and [2 0 0] is
noticeably higher than the standard value of 0.74 in bulk NiO bulk (dashed line) at lower TA and closer to the standard value at TA = 800°C.

Table 2 Summary of X-ray refinement results for NiO
nanowalls

TA
(°C)

Lattice parameters
a (Å)

c2 Rp
(%)

Rwp
(%)

Weight
percentage

NiO Ni NiO
(%)

Ni
(%)

400 4.1832
(11)

3.5305(1) 1.23 1.53 3.47 2.1(3) 98(1)

500 4.1612(9) 3.5135(2) 2.31 1.36 3.65 7.1(1) 93(2)

600 4.1821(1) 3.5295(1) 0.819 1.33 3.1 8.1(1) 92(1)

700 4.1871(3) 3.5338(1) 1.81 1.8 4.14 67(2) 33(1)

800 4.1867 (2) 3.5312
(4)

1.19 1.67 3.59 91(5) 9.1(5)
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from boundary diffusion at the grain boundaries
decreases with increasing nanowall size [31]. This oxida-
tion rate is also strongly affected by line defects. This
rate will be more pronounced with increased densities
of line defects, where incoherent crystalline boundaries
are available for short-circuit diffusion [32,33]. It is
therefore important to consider the influence of the
scale on Ni transport when metal facets are oxidized at

temperatures less than one half the melting point of
NiO. At these temperatures, recrystallization and grain
growth proceed slowly; with polycrystalline oxide
boundaries serving as effective short-circuit diffusion
paths [34]. A wide range of growth rates may, therefore,
be expected for different metal faces. The degree of
short-circuit diffusion is determined by the density and
crystallographic orientation of boundaries within the
oriented oxide layer [35]. A simple diffusion model is
employed to interpret the oxidation kinetics. In this
model, Ni transport proceeds in NiO both by short-cir-
cuit diffusion at the grain boundaries and by lattice dif-
fusion at lower annealing temperatures. The theory of
lattice diffusion fully explains the diffusion mechanism

[35]. The diffusion length �Lcal =
√
D∗

Ni · τ can be

obtained from the lattice diffusivity D∗
Ni (square centi-

meter per second) according to following formula

[33]:D∗
Ni =

β

2D
α2νD exp{−QD

RT
},

Figure 5 EDS mapping of NiO. (a) Side view of a cross-sectional NiO grid SEM image, indicating the existence of the Ni core and NiO surface
at TA = 700°C, (b) Typical EDS pattern taken at the Ni core, and (c) NiO surface. (d, e) Two-dimensional EDS mapping images of the distribution
of elements presented using the lock-in energy of Ni-Ka1 (7.3 to 7.6 keV) and O-Ka1 (0.4 to 0.6 keV). The inset to (e) shows a step function at
both edges that can be used to define the mean diffusion length <S >.

Table 3 Diffusion lengths

TA (K) <s > (μm) QS/QD QS (kcal/mol) ΔLcal (μm)

673 0.035(5) 0.427(7) 25.193 0.029

773 0.7 (2) 0.325(5) 19.175 0.689

873 1.7(2) 0.317(5) 18.703 1.616

973 6(1) 0.268(1) 15.812 5.938

1,073 9(1) 0.264(7) 15.576 9.187

NiO shell thickness along with simulated results for the lattice and short-
circuit diffusion theory over the complete range of annealing temperatures.
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where b = 8 which is the number of positions a Ni
atom can jump along the [111] plane; a = 0.2412 nm is
the d-spacing of the [111] plane; D = 2 in the denomi-
nator is the two-dimensional constant; υD approximately
1012 per second is the vibration frequencya; τ is the
growth time (approximately 10,800 s); QD = 59(1) kcal/
mol is the activation energy of Ni [36]; and R (1.987 cal
mol K-1) is the gas constant. The diffusion length of the
NiO nanowalls is simulated based on the values of the
lattice diffusion and various T and QS/QD, where QS is
the short-circuit activation energy. The simulation
results using QS/QD versus temperature are illustrated in
Figure 6. The colored bar indicates the diffusion length,
and the corresponding dash line indicates the diffusion
length <S > obtained from EDS mapping. The QS/QD

value of approximately 0.427(7) is higher than the short-
circuit diffusion predicted QS/QD value of approximately
one third at lower TA = 400°C, revealing that the growth
of NiO grains is influenced by structural changes and

strain between Ni and NiO. At higher TA, correspond-
ing to our experimental data, the value of QS/QD is
close to 0.32(2), indicating that short-circuit diffusion is
the dominant transport mechanism in the oxidation of
Ni, whether oxygen or nickel is the diffusion species
along short-circuit path dislocations, resulting in the
growth of NiO nanowalls at the higher temperature
regime. Details related to the fitting parameters are
listed in Table 3.

Phonon and magnon study of NiO nanowalls
Superexchange of Ni-O-Ni
In the study of the system of NiO nanowalls, it is of
interest to directly observe the influence of the nanowall
size on the coupling strength from the phonon vibration
and magnon excitation. Confocal Raman spectroscopy
has the high spatial resolution and sensitivity necessary
for probing the local atomic vibration and multimagnon
interaction below the Neel temperature. The

Figure 6 The simulation results using QS/QD versus temperature. Simulation results for the lattice diffusion theory for Ni atoms along the [1
1 1] plane, where short-circuit diffusion occurred at QS/QD to approximately one third. The dashed line represents the estimated length <S >
obtained from the EDS mapping results at various TA.
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multimagnon properties of NiO nanowalls were investi-
gated using a confocal Raman spectrometer (Alpha 300,
WiTec Pte. Ltd., Germany) equipped with a piezo scan-
ner and 9100 microscope objectives (n.a. = 0.90; Nikon
Imaging Japan Inc., Japan). The samples were excited
with a 488-nm Ar ion laser (CVI Melles Griot, Carlsbad,
USA) (5 mW laser power), to form a spot 0.3 μm in dia-
meter, giving a power density of 100 mW cm-2. Here
configurations of two and higher order magnon excita-
tion in NiO nanowalls are mainly determined by the
dominating superexchange interaction in the Ni2+-O2--
Ni2+ linear atom chains and nano-sized effects. The inci-
dent photon is virtually absorbed in an electric dipole
transition process that results in the magnon excitation.
The exchange mechanism through the oxygen p-orbital
then produces a spin flip in the excited state, and a sec-
ond photon is virtually emitted leaving the system with
a magnon excitation. The resultant momentum transfer
can exceed 1 cm-1 for second-order Raman scattering.
The two-magnon excitation is mainly dominated by the
NNN Ni ions along the [1 0 0] direction, and is pre-
sented in terms of the antiferromagnetic exchange
energy J2 (approximately 221 K), which is much stronger
than the nearest-neighboring ion exchange energy J+1
(approximately 15.7 K) in the same [1 1 1] plane of fer-
romagnetic coupling. Furthermore the J−1 (approximately
16.1 K) between the nearest neighbor in adjacent [1 1 1]
planes (normally antiferromagnetically aligned) which
can thus be ignored and canceled out in an ideal struc-
ture [4]. The experimental values of J2 as presented in
previous reports by Dietz’s group [8,37] (Raman scatter-
ing) below TN are 18.5 meV in bulk NiO. Multimagnon
Raman scattering in NiO is well described by the spin-
wave theory utilizing the Green function formalism for
an S = 1 antiferromagnet. The frequency of the two-
magnon Raman line is estimated to be proportional to
the superexchange integral J2. We measured the anneal-
ing temperature dependence of the two- and four-mag-
non Raman frequencies. This allows us to find out the
magnetic exchange coupling and determine the possible
configuration of short range four-magnon models.

Confocal Raman scattering of NiO nanowalls
Figure 7a shows the series of Raman spectra (in the bot-
tom of the milli-electron-volt unit and top of the per-
centimeter unit) taken at room temperature for anneal-
ing temperatures ranging from 400 to 800°C. Two typi-
cal one-phonon (TO and LO modes) and two-phonon
(2TO, TO + LO, and 2LO modes) excitations were
observed at TA = 500°C (shown at the top of Figure 7a),
and are in good agreement with the values reported for
bulk NiO single crystals [37]. The growth temperature
TA dependence of the phonon and two-magnon peak
positions and intensities obtained from two-dimensional

Raman images of NiO nanowalls are shown at the bot-
tom of Figure 7a. Here, different colors are used to dif-
ferentiate the peak intensity of the Raman patterns after
TA = 400°C to 800°C. As indicated on the bottom of
Figure 7a, there is one-phonon peak at ELO = 66.1(1)
meV, corresponding to the LO mode and decreasing
with increasing TA. After TA is increased to 500°C, we
observed two significant broader peaks around E2LO =
136.7(5) and 180.7(2) meV, respectively, which are asso-
ciated with the 2LO and two-magnon modes and
increase as TA increases. The anomalous behaviors can
be analyzed quantitatively using the profile fitting
method. These peaks, including the phonon and two-
magnon modes, were analyzed by the Voigt function
covering the whole regime. The detailed TA depen-
dences of the peak position and full widths at half maxi-
mum (FWHM) are listed in Table 4. Figure 7b shows
the TA dependence of the integrated intensity of the
selected peak for the 2LO mode. As the growth tem-
perature TA is reduced, the integrated intensity of the
2LO mode rapidly decreases at around TA = 400°C, sig-
naling the finite size effect, which acts to confine the lat-
tice vibration in corroboration with the strength of two-
phonon coupling. Figure 7c shows that the integrated
intensity increases in the single phonon LO mode with
decreasing TA, in comparison with that in two-phonon
2LO mode. The enhancement of intensity that occurs at
lower growth temperatures is due to parity-breaking
defects, since the concentration of nickel vacancies is
high, as can be quantitatively investigated through two-
magnon Raman scattering.

Magnon excitation of NiO nanowalls
It can be inferred that the additional peak visible just
below the phonon modes (labeled as 2 M) is magnetic
in origin, since it vanishes above the Neel temperature
[15]. The extrapolation of the TA dependence of the
intensity of the two-magnon frequency to I2 M to
approximately 0 gives the growth temperature TA

approximately 400°C. This signals the start of a spin
correlation which is much weaker than that of the Bulk
NiO. The growth temperature TA dependence of the E2
M peak is shown in Figure 8. The solid curve describes
an exponential growth function for the magnetic short-

range correlation, namely
E2M = Eo2M(1 − e

−
TA
τ )

, where

Eo2M = 184.3(2) meV and τ = 131(4)°C represent the
final energy and fitted parameters, respectively. Further-
more, the deviation of the two-magnon energy with
growth temperature, defined by G = dE2M/dTA, can be
used to probe the two-magnon correlation growth rate.
Thus, when TA = 400°C to 600°C, the peak shift rate
would be 1.4 meV/°C. The increase in energy of the
two-magnon growth rate with increasing TA can be
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explained by the increase in the spin correlation length,
while the smaller intensity of the Raman response
caused by the Ni2+-O2--Ni2+ superexchange mechanism
is associated with decreased amounts of NiO nanowalls
due to the finite size effect. The reduced coordination of
surface spin and the incomplete compensation between
the antiferromagnetic sublattices will also cause a funda-
mental decrease in the magnetic ordering in the NiO
nanowalls. These characteristics (i.e., the lower intensity)
agree with results previously reported for NiO nanopar-
ticles by Mironova-Ulmane et al. [26]. In their compre-
hensive analysis, they found that the intensity of the
two-magnon peak decreases with particle size, but
would, upon heating subsequently shift to lower

energies and broaden. Furthermore, it is well-known
that the lattice strain will introduce a slight rhombohe-
dral distortion. The small distortion will create a differ-
ence in the anisotropic energy gap between J+1 and J−1
which is associated with the rhombohedral contraction
occurring at lower TA. This will contribute to line
broadening at the magnon peak. The inset to Figure 8
shows a possible model for the two-magnon configura-
tion and minimum energy as predicted by the Ising
cluster model calculation, where the linkages denote the
exchange interactions and numbers give the number of
spin deviations on each site. Chinn et al. reported the
two-magnon models, the simple cubic lattice, for bulk
KNiF3 [38]. There are three transformations of the 	+

1,

Figure 7 The growth temperature TA dependence of Raman patterns. (a) Two-dimensional map of the intensity and TA dependence of
Raman patterns taken at room temperature. A selected Raman pattern taken at TA = 500°C is shown at the top, revealing a series of phonon
modes and magnon excitations. (b) The growth temperature TA dependence of the integrated intensity in the 2LO and (c) LO mode.

Table 4 Summary of the Voigt fitting parameters for one- and two-phonon mode of NiO nanowalls

TA(°C) TO (meV) LO (meV) 2TO (meV) TO + LO (meV) 2LO (meV)

Center FWHM Center FWHM Center FWHM Center FWHM Center FWHM

400 56.3 27.6 66.1 13.5 90.4 22.2 113.0 19.8 135.8 24.3

500 50.0 12.0 66.3 15.4 91.5 16.6 112.8 7.8 136.7 22.6

600 52.9 15.3 68.5 13.4 91.9 11.1 112.6 5.2 137.6 21.7

700 53.2 16.0 69.5 12.9 91.6 12.1 112.8 5.8 137.6 21.7

800 50.3 9.4 67.5 15.0 92.0 11.0 112.8 5.2 137.4 21.8
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	+
3, and 	−

4 states from two-magnon excitations, but only
the 	+

3 states have a nonzero spectral density for a scat-

tering element matrix of the form
∑
i�=j

μij�Si · �Sj, where
the sum includes the next-nearest-neighbors in the case
of NiO. Utilizing Chinn’s 	+

3 Green’s function, Dietz et
al. [12] reported a value of J2 approximately 18 meV for
bulk NiO. The strong two-magnon peak at E2 M = 183.2
(2) meV with <d > = 416(18) nm is due to the two-mag-
non excitation, which is nearly ten times that of J2. This
is in agreement with the values previously reported for
bulk NiO [8,37], but smaller than the predicted value of
11 from the Ising cluster model. The mean number of
N2 M obtained from N2 M = E2 M/J2 with the next-near-
est-neighbor exchange J2 = 18 meV, shown in Table 5
may be associated with the concentration of nickel
vacancies. According to previous NicO doping nonmag-
netic ion models [39], the two-magnon peak can be
roughly expressed as
N2M = 2zS(1 − (1 − c)(z − 1)/z) − 1, where c is the che-
mical composition of nickel and x = (1-c)% is defined as
the concentration of nickel vacancies; z = 6 is the

number of next-nearest-neighbor; J2 = 18 meV is the
superexchange interaction energy within 180° of the Ni2
+-O2--Ni2+ atomic chain; and S = 1 is the antiferromag-
netic spin. The values obtained for x for the NicO nano-
walls are listed in Table 5. The results are consistent
with the Ni1-xMgxO system [40,41]. Lowering the local
symmetry at the Ni2+ sites caused by the chemical sub-
stitution and vacancies will result in shifting of the two-
magnon peaks. It is worth noting that the one-magnon
Raman frequency has a very weak reported value of 38

Figure 8 Growth temperature TA dependence of the E2 M peak. The inset shows a possible model for the two-magnon configuration and
minimum energy as predicted by an Ising cluster model calculation, where the linkages denote the exchange interactions and numbers give
the number of spin deviations on each site.

Table 5 Summary of the Voigt fitting parameters for two-
and four-magnon mode of NiO nanowalls

TA (°C) 2 M (meV) 4 M (meV) x (%) R = E4 M/E2 M

Peak FWHM Peak FWHM

400 173.6 51.8 316.0 131.1 13.6 1.818

500 180.7 37.6 320.5 83.5 9.6 1.773

600 183.0 35.0 322.8 62.7 8.3 1.763

700 182.2 36.7 323.1 62.4 8.8 1.773

800 183.2 33.8 323.6 60.0 8.3 1.766
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cm-1, which is undetectable in the study of NiO nano-
walls [40].
The weak and broad peak at 323.6 meV is assigned to

the four-magnon excitation of NiO nanowalls (marked
as 4 M) and presented in Figure 9a. As TA is decreased
from 800°C to 400°C, the 4 M peak shifts to a lower
energy and broaden as a results of the nanosized effect.
Moreover, the ratio of the growth temperature TA

dependence of the four-magnon states to the two-mag-
non states gives a scattering factor value of R = E4 M/E2
M, as shown in Figure 9b and Table 5. This can be used
as an indicator of the four-magnon configuration from
the lowest to higher states. In general, the Ising calcula-
tion is used for prediction in a lot of four-magnon mod-
els, such as the lowest state of 20J2 (D = 3) and four
higher states of 21J2 (D = 3), 22J2 (D = 3), 23J2 (D = 2),
and 24J2 (D = 3), where D is the degeneracy. The related
theoretical scattering factors R with corresponding four-
magnon configurations are plotted in to Figure 9b,

where the lowest two-magnon energy used in the calcu-
lation is 11J2. There is no obvious change observed in
the growth temperature dependence TA of R and a low-
est state is obtained around R = 20/11 in this study.
Three out of four possible magnon models at lowest
state, proposed in principle by the Ising model plus sec-
ond-order perturbation theory [37], are shown in Figure
9c. A schematic plot of the three possible four-spin
deviation Ising states on sites were connected by strong
superexchange interactions in a simple cubic lattice. The
circles indicate sites; the number gives the number of
spin deviations on each site. The linkages denote an
exchange interaction where the sites are next-nearest-
neighbor. The differences between the experimental and
theoretical results can be explained by neglecting the
weak ferromagnetic coupling and constant J2 for all
compositions in the system. The finite size effect and
nickel vacancy dependence of the Raman phonon-mag-
non modes most likely play the dominant role affecting

Figure 9 Mechanism of four-magnon excitation. (a) Growth temperature TA dependence of the E4 M peak, (b) evolution of the scattering
factor E4 M/E2 M at various growth temperatures TA. There is no obvious change observed in the growth temperature dependence TA of R and a
lowest state is obtained around R = 20/11 in this study. (c) Schematic plot of three possible four-spin deviations in the Ising states at sites
connected by strong superexchange interactions in a simple cubic lattice. The circles indicate sites; the number gives the number of spin
deviations at each site, while the linkages denote an exchange interaction between next-nearest-neighbor sites.
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the Raman shifts that lead to unusual properties in NiO
nanowalls.

Conclusion
The chemical vapor deposition technique was success-
fully utilized to grow NiO nanowalls on a Ni grid with
various mean widths without using any catalyst. The
growth temperature for the NiO nanowalls was confined
from 400°C to 800°C, which is 0.275 and 0.55 times the
Ni melting point, following the parabolic rate law of
Wagner’s scaling theory. X-ray refinement reveals that
the NiO nanowalls with the Miller index [1 1 1] oxi-
dized more rapidly than with the other index [2 0 0],
and the oxidized faces grow at a rate dependent upon
the crystallographic preferred orientation of the NiO [1
1 1] faces. The length of diffusion of nickel along the [1
1 1] plane at various growth temperatures can be
obtained from EDS mapping. The results agreed with
the short-circuit diffusion mechanism simulation. Con-
focal Raman scattering was utilized to study the phonon
and magnon configurations for these samples. The
appearance of integrated intensity for the one- and two-
phonon modes reflects the existence of the finite size
effect and nickel vacancies. Two- and four-magnon exci-
tations generated in NiO nanowalls may help to identify
the Ni2+-O2--Ni2+ superexchange mechanism associated
with the short-range magnetic interactions and magnon
configurations.

Endnotes
aThe vibrational frequency of Ni atom is defined as fol-

lows:
νD =

1√
2

[
QD

mα2

]1
2, where a = 0.2412 nm is the d-

spacing of the [1 1 1] plane, m = 74.7 g/mol is the Ni
molar weight, and QD = 59(1) kcal/mol is the activation
energy of Ni.
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