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A B S T R A C T   

Square plate shaped magnetite nanocrystals have been synthesized by chemical precipitation from solution using 
arabinogalactan. A high crystal quality was observed in the plate plane while, across the plate, there is some 
stratification. The magnetic hysteresis in such particles is determined by the bulk magnetocrystalline anisotropy, 
plate shape anisotropy, and surface magnetic anisotropy. It is shown using the micromagnetic simulation that the 
ferromagnetic square nanoplates exhibit the extraordinary magnetization switching anisotropy, which should be 
taken into account for understanding the hysteretic properties of the particles.   

1. Introduction 

The experience in using magnetite nanoparticles as functional 
magnetic elements in biomedicine, electronics, catalysis, etc. has shown 
the importance of a particle shape and structural quality. In the particles 
with a shape strongly different from spherical, the magnetic moment 
direction can be stabilized at a smaller particle volume than in the case 
of a spherical particle. This is due to the contribution of the shape 
magnetic anisotropy to the total magnetic anisotropy of a particle. In 
addition, the magnetic properties of particles are affected by their 
structural quality. For instance, in particles with the easy magnetization 
axis nonuniform over their volume (amorphous or nanocrystalline par
ticles), the average bulk anisotropy is fairly low [1–3]. Another example 
is the frustration of exchange interactions between iron atoms at the 
particle surface, which leads to the formation of a spin glass shell 
significantly reducing the effective magnetization of a particle [4,5]. 
The magnetite nanocrystal is a nanoparticle that is structurally ordered 
inside and has a shape inheriting the symmetry of the crystal lattice. In 
free magnetite nanocrystals, the (111) face has the lowest energy, which 
suggests the formation of triangular or hexagonal crystal faces. How
ever, for a particle in a solution, the energy of the (001) face in a certain 
situation may prove to be lower. The evidence from practice shows that 
the main parameters for controlling the shape are the ligand type and 
temperature conditions of the synthesis [6]. Meanwhile, the mechanism 
oblate and prolate nanoparticle synthesis is poorly understood. At pre
sent, the synthesis of cubic magnetite nanocrystals is well-proven and 

the properties of such nanocrystals are well-studied [7–10]. However, 
since the magnetic anisotropy of the cubic shape is low [11], the mag
netic stability of cubic particles differs only slightly from the stability of 
spherical particles. The oblate and prolate magnetite crystal particles are 
also synthesized [6,12–14], but, in this case, there is a set of unresolved 
questions. In particular, the plate-shaped particles are included in a 
powder containing particles of another different shapes [15–18]. The 
complexity of obtaining magnetite particles of the uniform shape does 
not allow one to thoroughly investigate their magnetism. In this work, 
we report on the synthesis and study of the structure and magnetic 
properties of magnetite nanocrystals with the shape of square plate. 

2. Experimental 

All chemicals used in this work had a purity of at least 99%. 
Magnetite nanoparticles were prepared by chemical precipitation as 
follows: 5 g of iron sulfate (FeSO4⋅7H2O), 4 g of disodium salt of eth
ylenediaminetetraacetic acid (EDTA-Na2), and 0.7 g of arabinogalactan 
acting as a structural guiding and stabilizing agent were dissolved in 
100 ml of distilled water. At a temperature of 80 ◦C and continuous 
stirring, NaOH (0.1 M) was added to the solution until a neutral pH was 
reached, and the color of the solution changed from orange to black. The 
required temperature was maintained using a water thermostat. 
Magnetite nanoparticles were washed with distilled water to remove 
ions and then dried at room temperature. 

Electron-microscopic studies were carried out using a Hitachi 
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HT7700 transmission electron microscope (accelerating voltage 100 kV) 
of the Center for Collective Use of the Krasnoyarsk Scientific Center. The 
Mössbauer spectra were measured on an MS-1104Em spectrometer with 
a source of 57Co (Cr) at room temperature on powder samples with a 
thickness of 5–10 mg/cm2 on the basis of the natural iron content. Iso
mer chemical shifts are accounted in reference to α-Fe. The static mag
netic measurements were performed on an automated vibrating sample 
magnetometer in fields of up to 8 kOe at temperatures from 77 to 300 K. 
An empty capsule for the sample was measured separately and, then, its 
contribution (~1%) to the total signal was subtracted. 

3. Results and discussion 

3.1. Electron microscopy 

The transmission electron microscopy images presented in Fig. 1a-1c 
show that the synthesized nanoparticles are square plate-shaped nano
crystals. The high-resolution images of the surface of individual plates 
show a system of crystal planes uniformly filling this surface (insert in 
Fig. 1d). 

The distribution of the sides of square nanocrystals (67 particles were 

counted) fits well with the lognormal function: f(d) = 1
d⋅σ
̅̅̅̅
2π

√ ⋅exp
(

−

ln2
(

d
d0

)/

2σ2
)

with parameters d0 = 64 nm, σ = 0.48. Note that d0, 

and σ are parameters of the number-weighted distribution. The number- 
weighted average size is 〈d〉N = 65 ± 4 nm and volume –weighted is 
〈d〉V = 86 ± 12 nm. Since 〈d〉V is important for the interpretation of 
magnetometric data, this size will be used for further estimations and 
references. The standard error of the mean 12 nm does not characterize 
the particles well (for example, it depends on the number of particles 
used for analysis). The 1/2FWHM (full width at half maximum) of the 
size distribution is 30 nm. The final estimate of the confidence interval 
for the size of nanoplates is d = 90 ± 30 nm. The thickness of the plates 

(42 particles were counted) is 10 ± 2 nm. 
The cross-sectional images of the plates apparently indicate a cross 

stratification-type structural defect. A system of diffraction rings in the 
electron diffraction pattern (Fig. 1e) is consistent with the magnetite 
reflections. This pattern shows also the reflection corresponding to 
maghemite. The magnetite nanoparticles in the form of square crystal 
plates are rarely met. The particles obtained from the vapor phase and 
some solutions usually have a spherical shape. As was mentioned in 
Introduction, in free magnetite particles, the formation of triangular or 
hexagonal crystal faces is energetically more favorable. However, for a 
particle in a solution, the energy of the (001) face can appear lower. 
Obviously, this occurs during the formation of cubic magnetite nano
crystals often used to prepare self-ordered colloids. In our case, the 
condition of the minimum (001) face energy and the condition leading 
to the stratification of a crystal in the system of (001) planes are 
apparently combined. 

3.2. Mössbauer spectroscopy 

The spectrum is well-approximated by four Zeeman sextets (Fig. 2). 
The spectrum components are shown by color lines. Below this spec
trum, the error spectrum, i.e., the difference between the calculated and 
experimental spectra, is shown. The results of decoding are given in 
Table 1, where A and B are the tetrahedral and octahedral ferrite sites. 
The octahedral site linewidths are significantly broadened, which may 
be indicative of the nonuniform distribution of different-valence cations 
over these sites. The positions designated as Fe3+(6) can be attributed to 
the surface sites with a strong fluctuation of the local environment. 

The presence of mixed-valence iron Fe2.5+ (IS = 0.56 mm/s) shows 
that we are dealing with magnetite. Under the assumptions of the 
absence of substitution of other cations for iron and the high quality of 
the anion lattice, the Mössbauer data allow us to write the spinel formula 
under the conditions of its electroneutrality as 

Fig. 1. (a, d, e) TEM images of particles, (b) distributions over square side, (c) and electron diffraction pattern.  
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(
Fe3+)[Fe2+

0.658Fe3+
1.228□0.114O4

]

where □ is the cationic vacancy. In this approximation, we are dealing 
with cation-deficient magnetite. Such a system can, in principle, be 
called a solid solution of magnetite Fe3O4 and maghemite γ-Fe2O3. 

3.3. Magnetic properties 

The magnetization curves measured in the applied field range of 
[− 0.6 T, +0.6 T] are symmetric relative to the origin of coordinates and 
contain a reversible part and an irreversible part, i.e., the hysteresis loop 
(Fig. 3). The cross sections of the three-dimensional diagram in Fig. 3 
show that the coercivity Hc(T), remanent magnetization Mr(T), and 
magnetization in a field of 0.6 T decrease with increasing temperature. 

The quantitative analysis of the reduction of the magnetic hysteresis 
parameters with increasing temperature is illustrated in Fig. 4. 

It is well-known that the coercivity of nanoparticles decreases with 
increasing temperature and completely vanishes at the blocking tem
perature TB, according with Eq. (1) [19]. The best fit of the experimental 
data by Eq. (1) (the solid line in Fig. 4) yields the following parameters 
of this equation: μ0Hc(0) = (32 ± 2) mT, TB = (550 ± 10) K, and α =

0.80 ± 0.12. 

Hc = Hc(0)⋅(1 − (T/TB)
α
) (1) 

Dependence (1) is characteristic of single-domain noninteracting 
nanoparticles at temperatures below the blocking temperature TB 
[20–22]. The well-known Neel result Hc ~ T1/2 corresponds to the 
parallel orientation of the easy magnetization axes of particles relative 
to the external magnetic field [23]. Empirical formula (1) is proposed for 

particles with random orientations of the easy magnetization axes. 
Several teams, using the numerical simulation, estimated the exponent α 
to be from 0.67 to 1 [19,24–27]. The resulting α estimate for our par
ticles hits this range. The estimated temperature TB is no higher than the 
Curie temperature of Fe3O4 (840 K); therefore, the description of Hc(T) 
using Eq. (1) obtained within the thermal relaxation theory is justified 
here. The remanent magnetization at temperatures from 80 to 300 K 
decreases by 30%, i.e., much more slowly than Hc (by 100%). Since the 
anisotropy constant should include contributions from the cubic (mag
netocrystalline anisotropy of magnetite) and uniaxial (shape anisot
ropy), for an ensemble of randomly oriented single-domain particles one 
would expect remanence (Mr/Ms) values from 0.5 to 0.86 [28]. The fact 
that the observed value Mr/Ms is less than 0.5 (Fig. 4) can be result from 
both the dipole–dipole interaction in the system of particles (in Fig. 1 
one can see conglomerates of joined particles) and from inhomogeneous 
states of magnetization in the particle (see Fig. 7). 

The portion of the magnetization curve corresponding to approach
ing the saturation magnetization is often described by the formula 

M(H) = Ms⋅
(
1 − a

/
H − b

/
H2)+ χ⋅H (2) 

Here, the term a/H can be related to the competition of the thermal 
fluctuations with the external field and the second term b/H2, to the 
orientational nonuniformity of the easy magnetization axes in an 
ensemble of particles. It was found, however, that the strong-field 

Fig. 2. Mössbauer spectrum of nanoparticles.  

Table 1 
Mössbauer parameters. IS is the isomer chemical shift relative to α-Fe, H is the 
hyperfine field on the iron nucleus, QS is the quadrupole splitting, W is the 
absorption linewidth for the internal 34 and external 16 sextet lines, P is the 
fractional population of the site (square under the partial spectrum), and A and B 
are the tetrahedral and octahedral spinel sites.  

IS, mm/ 
s± 0.01 

H, kOe 
±5 

QS, mm/s 
±0.02 

W34/16, mm/ 
s ± 0.02 

P, fract.% 
± 0.03 

Site 

0.28 483 − 0.01 0.36/0.36 0.24 Fe3+(A) 
magnetite 

0.56 452 − 012 0.52/0.85 0.46 Fe2.5+(B) 
magnetite 

0.42 407 0.17 0.71/1.37 0.16 Fe3+(B) 
magnetite 

0.39 195 − 0.11 0.74/4.16 0.14 Fe3+(6)  

Fig. 3. Magnetization curves for magnetite nanocrystals.  

Fig. 4. Coercivity and remanent magnetization in magnetite nanocrystals.  
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portions are described much better by Eq. (3) (see Fig. 5) proposed for 
describing the magnetization curves of iron oxide nanoparticles in [29] 
and successfully used in [30,31]. 

M(H) = Ms⋅

(

1 −
H2

a

15H1/2
(
H3/2 + HR

3/2)

)

+ χ⋅H (3) 

The parameters Ms and Ha characterize the magnetization and local 
anisotropy field of nanoparticles. The change in the Ms value with 
temperature is described by the Bloch’s law T3/2 (Fig. 6): 

Ms(T) = Ms0⋅
(
1 − B⋅T3/2) (4) 

Here, the fact of observing the Bloch’s law T3/2 is curious. The point 
is that, for magnetic particles in general and for magnetite nanoparticles 
in particular, the deviations from the Bloch’s law are theoretically pre
dicted and observed. The change in the magnetization with temperature 
is still described by the power law M∝Tα, but with the exponent α 
significantly different from 3/2. These deviations are attributed to both 
the effect of the thermal fluctuations (α < 3/2) [32–34] and the effect of 
confinement in nanoparticles (α > 3/2) on the spin-wave excitation 
spectrum [35,36]. To fit the data in Fig. 5, we chose Eq. (4) for two 
reasons. First, in our case, the exponent α was very close to 3/2 (the 
fitting with an arbitrary exponent yields α = 1.44 ± 0.08). Second, the 
Bloch’s constant from Eq. (4) allows us to calculate the exchange 
interaction constant A. The best fitting of the experimental data by Eq. 
(4) corresponds to parameters of Ms0=(73.5 ± 0.2) Am2/kg and B =
(3.13 ± 0.12)⋅10-5 K− 3/2. 

The obtained B value is similar to the constant for spherical Fe3O4 
nanoparticles 5 nm in diameter (B = 3.3⋅10-5 K− 3/2) [37]. The exchange 
interaction constant calculated using the formula A =

kB
8π

(
Ms0
gμB

)1/3(
2.612

B

)2/3
(see, e.g., [38]) was A = (0.29 ± 0.02)⋅10− 12 J/m. 

Note that the obtained A value is significantly lower than the exchange 
constant A = 7⋅10− 12 J/m of bulk magnetite [39]. 

The obtained magnetization of particles (73.5 ± 0.2 Am2/kg) is 
lower than a value of 92 Am2/kg for bulk magnetite. A decrease in 
magnetization can also be associated with non-magnetic additives (un
washed or deposited from the ambient air) on the surface of the parti
cles. The presence of a spin glass shell with the almost zero average 
magnetization is also discussed as the reason for the decrease in 
magnetization [4,5]. In ref. [40], the importance of taking into account 
the two listed contributions to the magnetization is shown and also that 
the thickness of the spin-glass shell decreases with an increase in the 
applied field. The experimentally observed reduction in the magneti
zation of spherical magnetite nanoparticles with an average size of 40 ÷

45 nm (comparable to the estimate ~ 
̅̅̅̅
V3

√
≈ 43nm for our particles), 

according to the literature, is Ms/Mbulk = 0.75 [29]. In our case, Ms/

Mbulk = 0.80, slightly exceeds this value. 
To estimate the magnetic anisotropy constant of a particle, one can 

use the local magnetic anisotropy field Ha that is best fitting parameter 
for approach to magnetic saturation fitted by Eq.(3). The values of this 
field obtained by fitting the curves taken at different temperatures are 
given in Fig. 6. Since this parameter practically does not change with the 
particle temperature, it can be characterized by the average value of the 
anisotropy field. The anisotropy constant recalculated using the local 
magnetic anisotropy field as K = HaMs/2 was found to be K =

(6.69 ± 0.16)⋅104 J/m3. 
The magnetic anisotropy constant can also be estimated from the 

blocking temperature estimate (TB = (550 ± 10) K) as KTb =

25⋅kB⋅TB/V. Using the average particle volume with the subtracted 
nonmagnetic shell volume in the calculation, we obtain KTb =

3.7⋅103J/m3, which is lower by an order of magnitude than the constant 
estimated from the magnetization curves and theoretical estimates. 

The anisotropy constant of the plates exceeds in several times the 
constant of spherical particles due to the significant contribution of the 
shape magnetic anisotropy and the larger contribution of the surface. 
This should lead to the thermal stabilization (blocking) of the magnetic 
moment for magnetite particles of much smaller volume. In such par
ticles, one may expect a stronger magnetic hysteresis. Indeed, the 
experimental coercivity Hc(0 K) was found to be 32 mT, whereas the 
coercivity of spherical magnetite particles is no higher than 10 mT [41]. 
The upper limit of the Hc value for particles is given by the Stone
r–Wohlfarth model, which assumes that particles are single-domain, 
there is no interaction between them in the ensemble, and magnetiza
tion reversal go by coherent rotation. The prediction of this model for 
the Hc system of randomly oriented particles is μ0Hc =

0.48⋅2K
Ms

≈ 170 mT, where K is the experimentally determined anisot
ropy constant. This is several times higher than the value μ0Hc(0 K) =

32 mTobtained using Eq. (1) for fitting the data in Fig. 4. One of the 
reasons for the observed reduction may be the dipole–dipole interaction 
between particles. Another reason may be the appearance of inhomo
geneous states of magnetization within an individual particle. To 
elucidate this point, we performed the micromagnetic simulation of the 
hysteresis loops for squared magnetite nanoplate with size similar to the 
sizes of the particles under study. The modeling of an individual particle 
is also relevant for biomedical applications. The problem was solved 
using the OOMMF software [42]. The exchange and magnetization 
constants and the magnetocrystalline anisotropy in the micromagnetic 
problem corresponded to the parameters of magnetite. The cubic mag
netic anisotropy axes were directed along the plate sides. Modeling 
shows that the shape of the loop and the value of Hc strongly depend on 

Fig. 5. Approach to magnetic saturation in magnetite nanoplates. Curves were 
measured at (up to down): 83 K, 125 K, 170 K, 215 K, 253 K, 298 K. The solid 
lines are the fitting by the Eq. (3). 

Fig. 6. Saturation magnetization in magnetite particles. The solid line corre
sponds to Bloch’s law (4). 
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the direction of the field with respect to the plate (Fig. 7). In addition, in 
the plane of an individual square magnetite plate with dimensions close 
to the sizes of the obtained particles, inhomogeneous states of magne
tization are realized. This means that, upon magnetization reversal, 
nucleation will occur in fields lower than that predicted by the uniform 
rotation model. This explains the decrease in observed Hc(0 K) compared 
to the estimate based on the Stoner–Wohlfarth model. 

4. Conclusions 

The square plate-shaped magnetite nanocrystals were synthesized by 
chemical precipitation from solution in the presence of arabinogalactan. 
The plates had a thickness of 10 ± 3 nm and an average square side of 90 
± 30 nm. In the plate plane, a high crystal quality was observed, while, 
across the plate, there is some stratification. The particles exhibit the 
magnetization and temperature stability that are higher than in 

spherical magnetite particles. The magnetic anisotropy constant larger 
than that of spherical particles was attributed to the contribution of the 
shape anisotropy of the plates and the increased contribution of the 
surface magnetic anisotropy. Nonuniform magnetization patterns 
revealed by micromagnetic simulation of square ferromagnetic nano
plate and interparticle interactions both should be taken into account for 
understanding the hysteretic properties of particles at low temperatures. 
At finite temperatures, hysteresis is significantly reduced by thermal 
fluctuations. 
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