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Surface vacancy mediated pinning of the magnetization in γ -Fe2O3 nanoparticles:
A micromagnetic simulation study
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Results from finite temperature sLLG simulations of an atomistic core-shell model of γ -Fe2O3 nanoparticles
are presented. Radial surface anisotropy gives rise to a surface magnetization with a Néel-like domain wall
separating the magnetic poles. It is shown that the pinning of the domain wall by the oxygen anion sites plays an
important role in low temperature relaxation processes.
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The sensitivity of nanoparticle properties to small changes
in composition and morphology has motivated the research
and development of increasingly complex materials. Indeed,
the impact of nanoparticle research is substantial; advances
in several areas such as nanomedicine, energy storage, and
environmental remediation [1] have benefited from modern
advances in preparation and characterization techniques. Of
particular interest is the “single-domain” magnetic nanoparti-
cle that offers a means of attaining properties not accessible in
bulk systems, for example, the observation of exchange-bias
[2] and catalytic [3] properties. Such magnetic nanoparticles
(characteristic dimensions in the range of 1 up to ∼50 nm,
depending on the crystal structure) exhibit properties that
are not possible in the bulk because of their large surface-
to-volume ratio. A noncollinear surface magnetization is the
archetypical feature whose precise structure will depend on
the form and strength of the surface anisotropy and exchange
interactions between atoms.

Maghemite-based materials are prime candidates for under-
standing in detail the impact of surface spin magnetism and its
application due to the variability of the magnetism that can be
achieved by cation substitution into the structure. Maghemite
(γ -Fe2O3) adopts the spinel structure that is based on a face-
centered-cubic lattice of oxygen anions. Each unit cell contains
32 O2− ions, and 16 of 32 available octahedral and 8 of 64
available tetrahedral interstitial sites can be occupied by vari-
ous cations. γ -Fe2O3 (as magnetite, Fe3O4) is an inverse spinel
of the form (Y )[XY ]O4, where X is a divalent (Fe2+) ion and Y

is a trivalent (Fe3+) ion that occupies the tetrahedral () and oc-
tahedral [] A and B sites. Fe3O4 and the other ferrites are fully
occupied inverse spinels; γ -Fe2O3 contains no divalent ions.
To maintain charge balance, it has octahedral site vacancies.
Thus, γ -Fe2O3 can be described as (Fe3+)A[Fe3+

5/3�1/3]
B

O4,

where each unit cell contains 32 O2− ions, 8 tetrahedral
(A-site) Fe3+ ions, 40/3 octahedral (B-site) Fe3+ ions, and 8/3
vacant (�) octahedral sites. The versatility of the structure
arises from the stability available over a wide range of
stoichiometry, and in nanoparticles, the surface octahedral
site vacancies [4] enable surface spin disorder through broken
coordination of neighboring ions, resulting in noncollinear
surface magnetizaton [5]. The nature of γ -Fe2O3’s surface
magnetization determines, in large part, the overall magnetiza-
tion and anisotropy of a nanoparticle [6,7], the effect of which
can be observed in the magnetization’s field and temperature

dependence (hysteresis loops) [8,9], ac and dc susceptibility
measurements [10], and the blocking temperature [11], TB .

In this Rapid Communication we present results from
a series of simulations on ensembles of spherical γ -Fe2O3

nanoparticles using the finite temperature stochastic Landau-
Lifshitz-Gilbert (sLLG) equation based on an atomistic core
spin-surface spin (shell) model [12]. Such atomistic models
provide a more detailed description of magnetic nanoparticles
than those composed of a system of coupled superspins
[13–16]. The simulations show that the competition between
a radial surface anisotropy and an antiferromagnetic exchange
gives rise to a ferrimagnetic surface magnetization that is
characterized by a Néel-like domain wall located at the
magnetic equator separating the magnetic north and south
poles of the nanoparticle at low temperature. It is also shown
that the presence of oxygen anions in γ -Fe2O3 results in a
surface pinning mechanism that plays a critical role in de-
termining the nonequilibrium magnetic response of spherical
γ -Fe2O3 7 nanoparticles at low temperatures. A result that is
perhaps counterintuitive given that such particles are generally
considered single domain.

The core-shell model is based on the observation that the
surface spins in γ -Fe2O3 nanoparticles are observed to order
at around Tsf ≈ 30 K, a much lower temperature than the
core atoms which will be close to the estimated transition
temperature for bulk γ -Fe2O3 (Tc ≈ 850 K) [17], with a
surface magnetization that is noncollinear. This is attributed
to the change in the environment of the Fe3+ ions located
close to the nanoparticle surface that results in a weaker
exchange interaction and a radial anisotropy. In the absence
of a precise description of the variation in the exchange and
radial anisotropy at the surface, the core-shell model separates
the Fe ion locations between the core and surface sites [11,12]
in which those sites for which r < Dc/2 are designated core
sites and Dc/2 < r < D/2 are designated surface sites, where
Dc denotes the core diameter and r the distance of the site
from the center of the sphere. The energy for a given spin
configuration is given by

E = −
∑

〈ij〉
Jij Ŝi · Ŝj −

∑

i∈surface

Ks(Ŝi · n̂i)
2 − μ0

∑

i

�H · �μi,

where Ŝi = �μi/μS denotes the normalized magnetic moment
vector �μi of the Fe3+ ion on the ith site, μS = gJ SμB (gJ S =
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5), Jij is the exchange interaction which depends on whether
the i and j refer to A or B, surface, or core sites, the sum∑

〈ij〉 is over all nearest neighbor pairs, and Ks denotes the
surface anisotropy with its axis n̂i directed radially outwards.
It is assumed that the anisotropy at the core sites is equal to
that of bulk γ -Fe2O3, which is relatively small [18,19], and is
therefore set to zero in our simulations.

In this Rapid Communication simulation results are pre-
sented for spherical γ -Fe2O3 nanoparticles with a diame-
ter D = 5 nm with a core diameter Dc = 3.67 nm result-
ing in a Fe3+ ion core-to-surface volume ratio of 40%.
The values for the core-core exchange are J ab

cc /(gJ S)2kB =
−56.2 K, J aa

cc /(gJ S)2kB = −42.0 K, and J bb
cc /(gJ S)2kB =

−17.2 K, where the superscripts a and b distinguish between A
and B sites and subscript c denotes the core sites. These values
are consistent with experimental values for bulk γ -Fe2O3

[8,17]. Comparing the temperature Tsf at which the surface
spins start to order with the estimated transition temperature
for bulk γ -Fe2O3 suggests that the surface exchange is approxi-
mately a factor 40 smaller than the corresponding interactions
between the core sites (i.e., J aa

sc = J aa
ss = 0.025J aa

cc ). While
reasonable estimates of both core diameter and the surface
exchange of the γ -Fe2O3 nanoparticles may be obtained
from the magnetization curves, the determination of surface
anisotropy constant Ks is somewhat more elusive. Results
are therefore presented for two ensembles, each consisting
of 1000 nanoparticles, with Ks/kB = 5.0 K and Ks/kB =
10.0 K (values chosen to demonstrate the effect of the surface
anisotropy), which we refer to as the K5 and the K10
ensembles, respectively. A comparison of these results from
these two ensembles provides some insight into the role
the surface anisotropy plays in determining the characteristic
properties of γ -Fe2O3 nanoparticles.

The sLLG equation of motion for the spin magnetic moment
is given by [20]

dŜi

dt
= −γμ0

[
Ŝi × �Heff + α Ŝi × (

Ŝi × �Hi
eff

)]
,

where γ is the electron gyromagnetic ratio and α the damping
constant. The effective field μ0 �Hi

eff = −∂E/∂ �Si + μ0 �Hi
th and

includes the thermal field Hi
th = √

2αKBT/γμS�t Wt , where
V is the volume, �t is the time step, and Wt is a stochastic
variable that describes a Wiener process 〈WtWt ′ 〉 = δ(t − t ′).
For convenience we define the time unit tu = 1 T/γ = 5.68 ×
10−12 s. Since the focus of the present work is on the relaxation
process of the nanoparticles to a minimum in the free energy
rather than their dynamical properties, a damping factor of α =
0.5 used. The time step used to integrate the sLLG equation is
�t = 2.0 × 10−4tu.

To demonstrate that the model described above is consistent
with the observed magnetic behavior of γ -Fe2O3 nanopar-
ticles, simulation results for the equilibrium magnetization
of the individual nanoparticles as a function of temperature
for both the K5 and K10 ensembles are shown in Fig. 1.
The order parameters Mnp, Mcr, and Msf plotted in Fig. 1
denote the average magnitude of the magnetization of the
individual nanoparticles, the core spins, and the surface spins,
respectively. In all cases the order parameters are normalized
to unity at saturation, where the saturated ferrimagnetic state

FIG. 1. The average magnitude of the core magnetization Mcr, the
surface magnetization Msr, and the nanoparticle magnetization Mnp

plotted as functions of temperature for the K5 and the K10 ensembles
(zero field).

of a nanoparticle is defined as one in which the B-site spins are
completely parallel to each other and antiparallel to the A-site
spins.

The data show that the core spins order at a temperature
Tcr ≈ 850 K, in agreement with bulk γ -Fe2O3 [17], while the
surface spins order at a much lower temperature, Tsf ≈ 30 K.
We also note that the surface spins in both ensembles do not
fully saturate at T = 0 K due to the competition between
the radial surface anisotropy and the exchange interactions.
These results are consistent with the earlier Monte Carlo
(MC) simulations [12] and experimental results [21]. It is
also worth noting that the inset in Fig. 1 shows that while
the surface spins begin to order at Ts ∼ 30 K for both the K5
and K10 ensembles, it is only for T < 12 K that the surface
magnetization for the two ensembles shows any discernible
difference with Msr(K10) < Msr(K5).

To determine TB of the nanoparticles, both the K5 and K10
ensembles were equilibrated at an initial temperature of 50 K
before being cooled to 0 K [zero field cooled (ZFC)] at a rate of
0.1 K/tu. A constant external magnetic field was then applied
along the z axis with μBμ0Hz/kB = 0.08 K, giving rise to a
small increase in Mz, the net magnetization of the ensemble.
Both ensembles were then heated to a temperature of 50 K
and cooled again (in the presence of the applied field) to zero
at a constant rate of 0.1 K/tu. The net magnetizations Mz of
both the K5 and K10 ensembles are shown in Fig. 2. The
magnetization data show a significant divergence between the
heating and cooling curves below the blocking temperatures
TB ≈ 12 and 20 K for the K5 ensemble and K10 ensemble,
respectively. The reason for this nonergodic behavior below
TB is due to the time required for the ensembles to equilibrate
on heating being much longer than the characteristic time
scale associated with the heating rate. Although not shown,
simulations on ZFC K10 ensembles for different cooling
and heating rates (0.1 K/tu vs 0.05 K/tu) also present a
small, but nevertheless discernible, difference in the blocking
temperature, with the more rapid heating/cooling rate giving
a slightly higher value of TB . We note that the dependence
of TB on the anisotropy and the heating rate is qualitatively
consistent with an Arrhenius-Néel process.

While the results from the simulations are qualitatively
consistent with experimental observation, the cooling and
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FIG. 2. Data showing the magnetization of the zero field cooled
ensembles K10 and K5 during the heating and then the cooling
processes under an applied field of μ0Hz/μBkB = 0.08 K (0.12 T),
where the heating and cooling rate is 0.1 K/tu (1.76 × 1011 K/s).

heating rates and applied fields used in the simulations
performed here are of the order of 0.1 K/tu 
 1.8 × 1011 K/s
and μ0Hz = 0.4 K × kB/μB ≈ 120 mT, respectively. Typi-
cally, the heating and cooling rates used in the experiments
are of the order of 1 K/min and the applied fields are of the
order of 10 mT [21]. This difference between experiment and
simulation is an inherent limitation of the sLLG approach
which, in the case of these simulations, is limited to time steps
of the order of �t ≈ 10−3–10−5 ns, and hence a quantitative
comparison involving experimental time scales is currently not
feasible using sLLG.

To obtain a quantitative understanding of the spin con-
figuration at the atomistic level, the radial and tangential
components, Sr = �S · êr , Sθ = �S · êθ , and Sφ = �S · êφ , of the
surface spins for a single nanoparticle in the ZFC K10
ensemble at T = 0 are plotted in Fig. 3 as a function of
cos θ (the A site’s spins are rotated 180◦ for convenience),
with the spherical coordinates θ and φ defined relative to the
magnetization axis of the nanoparticle. While the data show
a considerable degree of scatter, it is clear that spins to the
right of the vertical axis (cos θ > 0) point radially outwards,

FIG. 3. A plot of the radial and tangential components of the
surface spins for a single nanoparticle from a zero field cooled K10
ensemble at T = 0 K as a function of cos θ .

FIG. 4. The variation in average energy per spin as a function of
polar angle relative to its mean value for nanoparticles belonging to
the K10 ensemble at different temperatures for (a) the A sites and
(b) the B sites. The ensembles have been cooled at a rate of 0.1 K/tu
under zero external field.

while the spins to the left of the vertical axis (cos θ < 0)
are pointing radially inwards. Thus, the surface spins may be
separated into two distinct domains corresponding to the north
and south hemispheres, separated by a domain wall, located at
the equator, in which the spins lie predominantly in the êr × êθ

plane; the domain wall is a Néel-type configuration.
The extent of the domain wall can also be inferred from the

variation in the ensemble averaged energy per surface spin,
plotted in Fig. 4, as function of cos θ relative to its mean value
for T = 0, 10, 20, and 30 K. There is a maximum in the energy
per surface spin at the equator due to the increased exchange
energy and since, at the center of the domain wall, the spins
are aligned on average perpendicular to the anisotropy axis.
The energy distribution becomes more homogeneous with
increasing temperature due to the increased disorder of the
surface spins.

Somewhat surprising are the results presented in Fig. 5 in
which the angular distribution of the surface vacancies with
respect to the magnetic axis of the individual nanoparticles are
plotted. The vacancies appear to be clustered about the equator
at low temperatures (T < 30 K). This would seem to be at odds
with the random nature of the vacancy distribution on the B
sites and that the location of vacancies (i.e., the oxygen ions)
are fixed.

To understand the vacancy distribution in Fig. 5 we first
note that while the vacancies are distributed randomly on
the B sites, this does not imply that they are uniformly
distributed among the surface sites due to the combined effects
of statistical variance and the crystalline structure of γ -Fe2O3.
In addition, while the locations of the vacancies are fixed,
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FIG. 5. The polar distribution of surface vacancies for the
ensembles K10 and K5 as a function of cos θ at different temperatures.
The ensembles have been cooled with rate of 0.1 K/tu under zero
external field.

their angular distribution is determined by the orientation of
the magnetization axis of the individual nanoparticles. The
magnetization axis of the individual nanoparticles is not fixed,
and will move in response to the applied magnetic field and the
thermal fluctuations. At low temperature the magnetic axis of
the individual nanoparticles will align to minimize the energy
of spins and hence align the magnetization axis to maximize
the number of vacancies at the equator as the “equatorial spins”
have the highest energy. The effect of the surface vacancies
is therefore to pin to the equatorial domain wall, giving rise
to low energy, metastable spin configurations resulting in the
concentration of vacancies shown in Fig. 5.

To illustrate the effect of the pinning (based on a mean field
approximation), the variation in the energy of an individual
nanoparticle due to the change in the polar distribution of the
vacancies as a function of the orientation of the magnetic axis
was calculated. This calculation is based on the observation
that the energy per spin presented in Fig. 4 expresses, in a
mean field sense, the reduction in energy (up to an additive
constant) associated with the substitution of a Fe3+ with an
O2− at a B site located at an angle θ to the magnetization axis
of the nanoparticle. The effect of the vacancy distribution on
the energy may be calculated by simply summing the energy
per spin associated with each of the vacancies, and subtracting
from the total energy of the equivalent nanoparticle without

FIG. 6. The energy landscape for a nanoparticle selected at
random from the K10 enemble. Each point on the surface of the sphere
represents the energy associated with the alignment of the magnetic
moment. The energy is calculated using a mean field approximation
based on the distribution of surface vacancies and the average angular
distribution of the energy per spins at T = 0 shown in Fig. 4. The
energy scale associated with the color map shown on the right is given
in K.

vacancies. The energy variation as a function the orientation
of the magnetization axis of a nanoparticle from the K10
ensemble is shown in Fig. 6 for the T = 0 case. The blue
patches indicate the preferred location of the magnetization
axis. The equivalent calculation for finite T would show
a qualitatively similar landscape but with a smaller overall
variation in energy due to the more homogenous nature of the
average energy per surface spin.

In conclusion, the simulations show the presence of a
Néel-like domain wall in the surface magnetization at the
magnetic equator separating the radially outward pointing
surface spins in the northern magnetic hemisphere from the
radially inward pointing surface spins in the southern magnetic
hemisphere. Most interesting is the apparent role of the surface
vacancies (oxygen sites) in pinning this equatorial domain
wall. We close by noting that the energy landscape presented
in Fig. 6 not only serves to illustrate the effect of the surface
vacancies but also suggests a macrospin model that would
be amenable to other approaches (e.g., kinetic Monte Carlo
[22–25] or forward flux sampling [26,27]) that could be used to
simulate systems of γ -Fe2O3 nanoparticles at experimentally
relevant cooling rates and field-sweep rates. Such simulations
could potentially provide a means to qualitatively probe the
effect of the surface anisotropy on experimental M(T ) ZFC
scans and M(H ) hysteresis loops.
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Vasilakaki, K. N. Trohidou, J. D. Ardisson, W. A. A. Macedo,
M. Mikhaylova, M. Muhammed, M. D. Baró, and J. Nogués,
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