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It has been a puzzle for a century about how “hard” (coercive) a ferromagnet can be. Seven decades ago, W.
Brown gave his famous theorem to correlate coercivity of a ferromagnet to its magnetocrystalline anisotropy
field. However, the experimental coercivity values are far below the calculated level given by the theorem,
which is called Brown’s Coercivity Paradox. The paradox has been considered to be related to the complex
microstructures of the magnets in experiments because coercivity is an extrinsic property that is sensitive to any
imperfections in the specimens. To date, coercivity cannot be predicted and calculated by quantitative modeling.
In this investigation, we carried out a case study on the high magnetic coercivity of Co nanowires exceeding
the magnetocrystalline anisotropy field as predicted by Brown’s theorem. It is found that the aspect ratio and
diameter of the nanocrystals have a strong effect on the coercivity. When the nanocrystals have an increased
aspect ratio, the coercivity is significantly higher than the magnetocrystalline anisotropy field of a hcp Co
crystal. Micromagnetic simulations give a coercivity aspect-ratio dependence that is well consistent with the
experimental results. It is also revealed that a coercivity limit exists based on the geometrical structures of the
nanocrystals that govern the demagnetizing process. The quantitative correlation obtained between the structure
and coercivity enables material design of advanced permanent magnets in the future.
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I. INTRODUCTION

Ferromagnetic materials possessing a permanent magne-
tization in the absence of an external magnetic field are
fundamentally important for many advanced technologies and
devices [1–4]. Their most important characteristic is the mag-
netic hysteresis in response to an external field, which is
usually described by the saturation magnetization (MS) and
the coercivity (Hci) as the major parameters. The MS for a
given material is an intrinsic property. The Hci is an extrinsic
property, and its value strongly relates not only to the crys-
talline and electronic structures but also to the microstructural
and proximity parameters [5,6]. Therefore, coercivity and its
mechanisms in permanent magnets have always been an in-
tensive research topic.

Significant efforts have been made over the last century to
understand coercivity mechanisms in order to develop high
coercivity for practical applications. However, the experimen-
tal coercivity values are found to be much lower than the
theoretical level set by W. Brown’s theorem proposed in the
1940s [7]. According to Brown, the coercive field in a per-
fectly homogenous continuum magnet of ellipsoid shape is
given by [7,8]

μ0Hci �
2K1

MS
− Nd MS, (1)
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where μ0, K1, and Nd are the permeability of vacuum, the
magnetocrystalline anisotropy constant, and the demagnetiz-
ing factor, respectively. Equation (1) is referred as Brown’s
theorem, applicable when K1 is positive and significant to
warrant a positive μ0Hci [9,10]. The first term on the right
side of the equation corresponds to the magnetocrystalline
anisotropy field (Ha), while the second term represents the
demagnetizing field.

However, experimental results in the past century are far
below the level predicted by this formula (only 20%–40% of
the corresponding anisotropy field values, no matter what the
specimen shape was used), which is known as the Brown’s
paradox [11–13]. Recently, a significant enhancement in the
coercivity value in nanoscale hard magnetic materials has
been achieved [14,15] including a notable example of L10-
FePt nanocrystals with a room-temperature coercivity of
70 kOe [16], which is about 60% of the corresponding Ha.

The paradox has been considered to be related to the com-
plex microstructures of the magnets in experiments because
coercivity as an extrinsic property is sensitive to any imperfec-
tions in the specimens. To account for the extrinsic parameter
effects on the coercivity, Kronmüller added a fractional co-
efficient to Brown’s formula, leading to a phenomenological
model that fits the experimental data quite well. However,
the model does not provide quantitative information about
the microstructural effects and remains an empirical treatment
[8,9].

In our recent experimental work, we have obtained
magnetic coercivity in hcp-structured cobalt nanowires
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higher than the magnetocrystalline anisotropy field, verify-
ing Brown’s theorem [17–20]. Nevertheless, it is yet un-
known how the magnetocrystalline anisotropy and the shape
anisotropy contributed to the high coercivity. To gain further
understanding of the coercivity mechanisms, we carry out
a comprehensive investigation of the coercivity mechanisms
by combining experimental and theoretical studies to obtain
quantitative correlations between the geometrical parameters
(aspect ratio and diameter) and the coercive force, particularly
to quantify the demagnetizing field effect at the nanoscale.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Sample preparation

For the preparation of high-aspect-ratio Co nanocrystals,
1 g of Co(II) laurate, 6 mg of RuCl3, and 0.2–1.0 g of hex-
adecylamine (HDA) were added to 15 ml of 1,2 butanediol
in a glass reactor. The glass reactor was purged with forming
gas (Ar93% + H27%) for 5 min and then sealed with a rubber
stopper. A rubber balloon sealed with a syringe was inserted
into the stopper to maintain a small positive pressure with
forming gas in the glass reactor. Afterwards, the enclosure
was placed in an ultrasonic water bath adjusted to 65 °C. The
contents within the enclosure were then mixed for 60 min
using ultrasonication. Then the reaction mixture was heated
for 15 min at 240 °C. After the reaction, the solution was
cooled to room temperature and the obtained, black-colored
precipitates were washed and centrifuged several times with
chloroform. The HDA to RuCl3 ratio was controlled by ad-
justing the amount of HDA added while keeping the RuCl3

content constant. This synthesis procedure can be scaled up
to the multigram level without sacrificing uniformity. To syn-
thesize 5 g of Co nanowires, 40 g of Co(II) laurate, 0.12 g
of RuCl3, and 10 g of HDA were added to 300 ml of 1,2
butanediol in a 2 liter glass reactor.

Synthesizing hcp-structured Co nanocrystals with uniax-
ial magnetocrystalline anisotropy is difficult because the fcc
phase of cobalt is more stable than the hcp phase when the
average particle size is smaller than 20 nm [21]. In this study
we modified the previously described synthesis process to
prepare monodispersed, hcp-structured Co nanoparticles [17].
In a typical synthesis of 10 nm Co nanocrystals, 1 g (2 mmol)
of cobalt (II) laurate, 2 g (8 mmol) of HDA, and (60 mg)
RuCl3 were dissolved in 30 ml of 1, 2 butanediol in a Teflon-
lined stainless-steel hydrothermal reactor. The Teflon bottle
was purged with forming gas for 5 min and then placed in
an ultrasonic water bath adjusted to 65 °C for 60 min. Then
the Teflon bottle was transferred to an autoclave reactor and
heated at 250 °C for 75 min. The increase in the Ru content
leads to the formation of dodecahedral nanoparticles with the
smallest distribution of nanoparticles in size.

B. Characterization techniques

To study the morphology and crystal structure of Co
nanocrystals, transmission electron microscope (TEM) micro-
graphs were taken with a Hitachi H-9500 TEM operating at
300 kV. The morphology of the aligned Co nanocrystals was
recorded using Hitachi S-4800 II Field Emission Scanning
Electron Microscopy (FE-SEM). The phase of the synthesized

nanocrystals was investigated using x-ray powder diffraction
from a Rigaku Ultima IV with a CuKα source. The aligned
Co nanocrystal assemblies were produced in epoxy resin to
measure the magnetic properties. The Co nanocrystals were
first dispersed in chloroform, and then a certain amount of
epoxy resin was injected into the Co nanocrystal dispersion.
The nanocrystals were uniformly dispersed in epoxy at a
concentration of 5–10 wt% to eliminate magnetic interactions
between neighboring nanocrystals. After that, the composite
was put into a mold and allowed to cure in a 2.0 T external
magnetic field. The magnetic properties of the samples were
studied using a physical property measurement system (Quan-
tum Design DynaCool-PPMS).

C. Micromagnetic calculation

We applied a modified Sharrock’s equation [22,23] for the
coercive field as outlined by Forster and co-workers [24] to
calculate the coercivities of elongated Co particles. We ap-
proximated the coercive field by

Hc = Hsw,0

(
1 −

√
kBT

(K1 + Kd )Veff
ln

f0t

ln2

)
. (2)

Here Veff denotes the effective volume of the reversed
nucleus. K1 is the magneto-crystalline anisotropy con-
stant, whereby we assume that the magneto-crystalline
anisotropy axis is parallel to the long axis of the particle.
Kd = 1

2μ0M2
s (N� − N‖) accounts for the particle shape; N‖

and N� are the demagnetizing factors for the magnetiza-
tion parallel and perpendicular to the long axis. Hsw,0 =

1
(sin2/3θ+cos2/3θ )3/2

2(K1+Kd )
μ0Ms

is the switching field without thermal

activation. θ is the angle of the field with respect to the
long axis of the particle. Based on micromagnetic simulations
of the minimum energy path for magnetization reversal, the
effective volume of the reversed nucleus was estimated as

Veff = 1

L

(
D +

√
A

K1 + μ0M2
s /2

)
V. (3)

V , L, and D are particle volume, the particle length, and the
particle diameter, respectively; A is the exchange constant. In
Eq. (2) we used f0 = 7.2 × 1010 Hz and a measuring time t =
1 s. Please note that Eq. (2) does not follow from a rigorous
derivation. Rather than that, we modified Sharrock’s equation
guided by observations of micromagnetic results for thermally
activated switching. For computing the coercive fields, we
sampled the particle diameter and the particle length from
a Gaussian distribution according to the experimental mean
and standard deviations. The intrinsic properties used for
the simulations were K1 = 0.45 MJ/m3, A = 13 pJ/m, and
μ0Ms = 1.76 T.

To compute the magnetization reversal path, we used the
string method within the framework of a finite element micro-
magnetic solver [25]. The magnetic states were computed for
Co cylinders of three different aspect ratios using an external
field that gives an energy barrier of 25 kBT . The external field
is applied at an angle of 17.6° with respect to the long axis
of the cylinder. Here kB is the Boltzmann constant, and the
temperature T was 300 K.
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FIG. 1. Aspect ratio dependence coercivity value in Co nanocrystals. (a)–(d) TEM images and (e)–(h) the corresponding hysteresis loops at
room temperature of Co nanocrystals with aspect ratios of ∼1, ∼3, ∼5, and ∼10, respectively, where the average diameter of the nanocrystals
is about 10 nm. (i) Aspect ratio dependence of coercivity. The full symbols in (i) are the results of a coercivity model, which is based on the
micromagnetic simulation of switching over a nonzero energy barrier. The blue dashed line represents the magnetocrystalline anisotropy field
of hcp Co.

III. RESULTS AND DISCUSSION

A. The aspect-ratio effect

We developed a well-controllable and scalable thermal de-
composition process to synthesize hcp Co nanocrystals with
precise control of the diameter and aspect ratio. Figure 1
shows the representative TEM images and the correspond-
ing room-temperature hysteresis loops as well as coercivity
values of different aspect-ratio hcp Co nanocrystals. The co-
ercivity value for their aligned assemblies increases from
2 to 12.1 kOe as the aspect ratio increases from 1 to 10
while maintaining the diameter of approximately 10 nm
[see Figs. 1(a)–1(h)]. The record high coercivity in the
high-aspect-ratio Co nanowires is ascribed to perfect single-
crystalline structures and magnetization easy axis orientation
along the long axis of nanowires, as revealed in our earlier
work [17–20]. X-ray diffraction and high-resolution TEM re-
sults also confirm that the wires have an hcp crystal structure,
and each wire is a single crystal with the c axis (002), or the
easy magnetization direction is along the wire’s long axis. See
Fig. S1 in the Supplemental Material [26] for high-resolution
TEM analysis.

Although a high coercivity is achieved in the high-aspect-
ratio Co NWs, the coercivity is still only about 73% of

the theoretical effective magnetic anisotropy field (16.5 kOe,
the sum of magnetocrystalline and shape anisotropy field of
cobalt) [27]. To determine the practical coercivity limit as well
as quantify how the coercivity is related to the aspect ratio,
we carried out a systematic simulation based on the minimum
energy path method of micromagnetics [24] for the finite
geometry nanocrystal. A detailed illustration of the simulation
method can be found in the experimental and computational
details. As seen in Fig. 1(i), the simulated coercivity values
are in good agreement with the experimental coercivity data,
showing a direct correlation to the aspect ratio (p; average
length to diameter ratio). Both results are higher than the
magnetocrystalline anisotropy field (∼7.6 kOe [28]) of Co
material when p is larger than 4 [29,30], in agreement with
Brown’s theorem. When p is less than 4, a rapid decrease
in coercivity takes place with decreasing aspect ratio, which
accords with the hypothesis of a larger demagnetizing field
along the magnetization easy axis, especially for equiaxed
nanocrystals (where p = 1, Nd = 1/3). Furthermore, the red
belt in Fig. 1(i) can be regarded as a coercivity ceiling (by
taking account of errors in coercivity data obtained from ex-
periments and simulations).

Figure 1(i) shows that the coercivity model qualitatively
explains the dependence of coercivity on aspect ratio. To
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FIG. 2. Magnetization reversal and coercivity of high-aspect-
ratio Co nanocrystals with diameter of 10 nm. (a) The magnetic
states along the minimum energy path for Co nanocrystals with
p = 2, 4, and 10. (b) Energy along the minimum energy path for
Co nanocrystals with aspect ratio p = 2. The external field is applied
at 17.6° with respect to the long axis. The field strength is such that
the energy barrier is 25 kBT. (c) The aspect ratio dependence of the
simulated coercivity of Co nanowires with diameter of 10 nm.

understand how the magnetization reversal occurs, we carried
out detailed micromagnetic simulations of the minimum en-
ergy path and angular dependence of experimental coercive
and switching fields. First, we computed how the system
passes over the lowest saddle point and recorded the associ-
ated magnetic states (see the experimental and computational
section for a detailed illustration of the simulation). Fig-
ure 2(a) shows how the nanocrystals with different aspect
ratios reverse under the action of an applied field and thermal
fluctuations. The magnetization starts at a local minimum
(state 1) [see Fig. 2(b) and Fig. S2 in the Supplemental Ma-
terial [26]], proceeds through the saddle point configuration
(state 3), and then continues through states 4 and 5 after
crossing the saddle point. The reversal of nanocrystals with
p = 2 occurs through uniform rotation, as can be seen from
the magnetization distribution at the saddle point, whereas
the magnetization distribution of nanocrystals with p = 4 and
p = 10 differs considerably from that of nanocrystals with
p = 2. Unlike magnetization rotation that is usually expected
in single-domain and single-crystalline ultrathin nanorods and
nanowires, our simulation reveals that localized nucleation
and subsequent domain expansion cause the magnetization
reversal, especially when the p � 4. The images shown in
Fig. 2(a) are the magnetization configurations along the min-
imum energy path. The minimum energy path connects two
stable states, here the magnetic state before and after magne-
tization reversal, in such a way that if, for any point along the
path, the gradient of the energy is parallel to the path [31].
The sequence of magnetic states along the minimum path
shows the most likely magnetization reversal process under
the influence of thermal activations. The arrows in the images
represent the magnetization vectors, and the color refers to
projection of the magnetization along the long axis of the

particle. It can be seen that for p � 4 the magnetization rever-
sal is nonuniform. A reversed nucleus forms locally near one
end of the particle. The images of the magnetization patterns
are labeled with numbers that denote the position of the state
along the minimum energy path given by Fig. 2(b).

Furthermore, the simulation of the minimum energy path
over the saddle point [see Fig. 2(a)] shows that the magnetiza-
tion reversal involves a finite volume where the magnetization
starts to deviate from the easy axis. This volume in which
magnetization reversal is initiated is much smaller than the
particle volume and is referred to as the effective volume
[32]. In nonellipsoidal particles, localized reversal is caused
by nonuniform demagnetizing fields near the ends [33,34].
The saddle point configurations are labeled with number 3.
To estimate the volume associated with the magnetization in
the nucleus, we look at where the magnetization component
parallel to the long axis of the wire, mz, becomes negative.
The volume for which mz < 0 at the saddle point is 104 nm³
for p = 4 and 116 nm³ for p = 10. For a fixed diameter, the ef-
fective volume associated with the reversed nucleus increases
with nanocrystal length [24,35], resulting in an increase in
effective magnetic anisotropy, and, as a result, coercivity value
increases with aspect ratio up to p = 10 [see Fig. 2(c)]. For
a larger aspect ratio (p > 10), however, the effective volume
of the nucleus is not sensitive to p, because once a certain
aspect ratio is reached, a further increase of the particle length
does not change the dependence of the energy barrier with the
applied field. Therefore, the effective volume of the nucleus
remains constant with increasing p [24], and coercivity, Hc,
saturates with increasing p. The simulated coercivity data
shown in Fig. 2(c) show that the slope of Hc(p) flattens out
after reaching an aspect ratio of p = 10.

The simulations, which were performed for a single
nanocrystal without taking into account distributions, reveal
that in small aspect ratio nanocrystals, magnetization reversal
occurs through rotation, while in high-aspect-ratio nanocrys-
tals, it occurs through localized nucleation and subsequent
domain expansion. The effective volume associated with
magnetization reversal increases significantly with increasing
aspect ratio up to p = 10, resulting in an increase in effec-
tive magnetic anisotropy, which explains why, as shown in
Fig. 2(c), the coercivity value increased with increasing aspect
ratio. We found a good consistency between the experimental
and theoretical coercivity data; we almost reached the coerciv-
ity limit determined by the micromagnetic modeling. One can
conclude that the Brown theorem is proved hereafter, and the
experimental coercivity matches the micromagnetic modeling
that can be considered as the coercivity limit.

To compare the theoretical results on the reversal process
with the experiment, we have measured the angular depen-
dence of coercivity and switching fields for Co nanowires
of diameter 10 nm and aspect ratio 10 and compared them
with the analytical curves computed based on the Stoner-
Wohlfarth (S-W) model [36,37], which predicts the angular
dependence of magnetic hysteresis in single-domain particles
with uniaxial anisotropy, as shown in Fig. 3. The experimental
coercivity is found to be in good consistency with the S-W
rotation mode [see Fig. 3(a)], which shows a dramatic drop
in coercivity near 90° (hard axis, i.e., normal to the NWs).
The polar plot of the switching field also follows the S-W
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FIG. 3. Comparison between the experimental and analytical
angular dependence of (a) coercivity and (b) switching field for
nanowires with diameter 10 nm and aspect ratio 11. The pink line
in (a) and (b) corresponds to the analytical plots calculated using the
S-W model, and green lines represent the experimental data obtained
from angular-dependent magnetization curves.

asteroid [see Fig. 3b)]. The angular dependence of coercivity
and switching fields indicates that the magnetization rever-
sal in nanowires follows the S-W rotation model even with
nonuniform magnetization distribution. Similar behavior has
been observed before in recording media [38] and single-
domain nanocrystals [19], where nonuniform switching is
observed but the coercivity and switching field follow the
S-W rotation mode. As a result of combined effects of magne-
tocrystalline anisotropy and shape anisotropy, as well as S-W
rotation-like magnetization reversal, a pronounced coercivity
of 12.1 kOe is achieved in the Co NWs. A Stoner-Wohlfarth-
like behavior of the angular dependence of the switching
field is a clear indication that a high coercive field has been
achieved [39] and that the size of local defects in the magne-
tocrystalline anisotropy is diminished [40].

B. The diameter effect

The next question is how high the coercivity can be if we
have equiaxed nanocrystals, where the demagnetizing field
is same along all the directions. At the same time to estab-
lish a correlation between coercivity and diameter, we have
synthesized dodecahedral-shaped Co nanocrystals (see SEM
micrograph in Fig. S3 in Supplemental Material [26]) with
an average diameter of 8 to 22 nm. Figure 4 shows the rep-
resentative TEM micrographs and the corresponding room-
temperature hysteresis loops of the Co nanocrystals with
diameters of 8, 12, and 18 nm. It is seen that the coercivity
value for the nanocrystals is strongly dependent on the diame-
ter, and an optimum value of coercivity is obtained for 12 nm
Co nanocrystals. Unlike the high aspect-ratio nanocrystals, the
coercivity values of all the dodecahedral-shaped nanocrystals
are lower than the magnetocrystalline anisotropy field of hcp
Co materials (7.6 kOe [28]). When we compared our experi-
mental coercivity to the previously published results [41–46],
we found that the coercivity obtained in this study is nearly 4–
5 times higher. In the following, we will show what causes the
high coercivity in the synthesized Co nanoparticles based on
structural analysis and detailed micromagnetic simulations.

As stated earlier, the fcc of phase cobalt is more stable
than the hcp phase of cobalt, particularly when the average
particle size is less than 20 nm [21]. Because the former has
a lower magnetocrystalline anisotropy, the formation of the

FIG. 4. Diameter dependence of magnetic properties in
dodecahedral-shaped Co nanocrystals. TEM images, the
corresponding histograms of diameter, and the respective room
temperature hysteresis loops of Co nanocrystals with average
diameter of (a)–(c) 8 nm, (d)–(f) 12 nm, and (g)–(i) 18 nm,
respectively.

fcc phase always leads to reduced coercivity. In this study, to
prevent the formation of the fcc phase, a Ru promoter, which
is known for passivating the surface energy of exposed facets
in hcp-structured Co nanocrystals [47], has been used. The
x-ray diffraction pattern of the nanocrystal assemblies and
high-resolution TEM micrograph are shown in Fig. 5. Both
the analyses confirm the formation of pure hcp-structured
Co nanocrystals. Particularly, the high-resolution TEM mi-
crograph reveals prominent lattice fringes that match (002)
orientation of hcp Co, which excludes the presence of any
impurity phase such as CoO. The intact crystallinity as evi-
denced by high-resolution TEM and XRD studies appears to
be the cause of the high coercivity of 3.1 kOe in the synthe-
sized Co nanoparticles.

To understand the relationship between coercivity and
nanocrystals diameter in detail, we have carried out a

FIG. 5. Structural characterization of dodecahedral-shaped Co
nanocrystals. (a) XRD pattern of the Co nanocrystals with different
sizes. (b) High-resolution TEM micrograph of a single Co nanocrys-
tal, and inset the corresponding numerical fast Fourier transform
(FFT) pattern.

214431-5



JEOTIKANTA MOHAPATRA et al. PHYSICAL REVIEW B 105, 214431 (2022)

FIG. 6. Diameter dependence of coercivity in dodecahedral-
shaped Co nanocrystals. (a) Comparison of experimental coercivity
data obtained from this study and the literature [41–46] with the
simulated coercivity values. The upper dashed red line represents the
magnetocrystalline anisotropy field of cobalt materials. (b), (c) The
magnetic states show the computed configuration of the magnetiza-
tion for the saddle point, at which the energy barrier reaches 25 kBT .

systematical simulation based on the experimental results, as
shown in Fig. 6. The experimental coercivity values are found
to be very consistent with the simulation findings. The sim-
ulated coercivity values can be considered the upper limit of
the coercive force [22] since the simulations are based on the
assumption that the nanoparticles have perfect crystallinity.
When we compared experimental coercivity data from the
literature [41–46] and the values obtained in this work with
the simulated coercivity (black line and green line), we found
that only the experimental coercivity values from this study
coincide with the simulated coercivity line. However, both
the experimental and simulated coercivity values are lower
than the magnetocrystalline anisotropy field. This reduction
of coercivity has to be attributed to thermal fluctuations and
local demagnetizing fields. With decreasing particle size, the
coercivity decreases according to Eq. (2). With increasing par-
ticle size, inhomogeneous reversal will occur, which lowers
the coercive field. The nanoparticle edges cause a nonuniform
demagnetizing field unless the particle is a perfect sphere
or ellipsoid. The nonuniform demagnetizing field causes the
total field acting locally to be strongly oblique to the easy
axis. According to Stoner-Wohlfarth, this causes a decrease
in the switching field [39,40,48]. In regions where the total
field H (sum of external field and demagnetizing field) is not
parallel to the easy axis, the torque M × H is stronger than
in the remainder of the magnet. This causes the magnetization
to rotate first near the edges or corners. As a consequence,
magnetization reversal is not perfectly uniform, resulting in a
lower coercivity than the magnetocrystalline anisotropy field.
Meanwhile, our experimental results revealed that the theoret-
ical coercivity value in magnetic systems can be approachable

with proper control of phase crystallinity and geometrical
structures (including size and shape). In Fig. 6(a) we also
noticed that the experimental coercivity value drops rapidly
with an increasing diameter above the diameter of 15 nm.
Although the exact cause is unknown, we believe it is related
to the nanocrystal growth mechanism; possibly the larger di-
ameter nanoparticles comprise multiple crystallites [49] due
to increased lauric acid content in the reaction solution.

We have also computed the configuration of the magnetiza-
tion for the saddle point to understand magnetization reversal
in equiaxed nanocrystals. When the diameter of dodecahedral
nanoparticles is larger than the coherent limit (Dcoh ≈ 10 nm),
a nonuniform reversal mode can be expected, as revealed by
the micromagnetic simulation [see Fig. 6(b)]. The magnetic
state at the saddle point for 20 and 35 nm dodecahedral
nanoparticles is nonuniform. In contrast, for nanocrystals with
a very small diameter (D � Dcoh ), the saddle point config-
uration is almost uniform in the whole particle, indicating
a high coercivity magnetic configuration. However, because
we are approaching the superparamagnetic limit, a decreas-
ing trend in coercivity value can be anticipated, as seen in
Fig. 6(a). A similar trend in the coercivity value and magneti-
zation reversal [see Fig. 6(c)] are also noticed in cubic-shaped
nanocrystals. It can now be concluded that the diameter of
the Co nanocrystals plays a key role in determining the rever-
sal modes, which change from the superparamagnetic to the
coherent-like rotation and then to nonuniform reversal as the
diameter increases.

IV. CONCLUSIONS

In summary, the experimental and modeling studies on the
correlations between the coercivity and the geometric param-
eters of the Co nanocrystals have proved Brown’s theorem
on magnetic coercivity. The studies also revealed a coer-
civity limit which is dependent on the geometrical factors
(particularly the aspect ratio and the diameter) that can be
experimentally controlled at the nanoscale. These results show
that magnetic coercivity can be adjusted by controlling the
geometrical parameters. Specifically for the Co nanowires
under investigation, the coercivity value exceeds the magne-
tocrystalline anisotropy field when the aspect ratio is above
4, whereas in smaller aspect-ratio and equiaxed nanocrystals,
due to the demagnetizing field along the magnetization easy
axis and edges, both experimental and simulated coercivity
values are reduced below the magnetocrystalline anisotropy
field. These findings of the quantitative structure-property
correlations make it possible to calculate, predict, and ma-
nipulate the magnetic coercivity of nanoscale magnets, which
is a key step in enabling the material design of future high-
performance permanent magnets for advanced applications.

The data supporting the results are available in the Supple-
mental Material [26].
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