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X-ray photoemission electron microscopy combined with x-ray magnetic circular dichroism is used to
study the magnetic properties of individual iron nanoparticles with sizes ranging from 20 down to 8 nm.
While the magnetocrystalline anisotropy of bulk iron suggests superparamagnetic behavior in this size
range, ferromagnetically blocked particles are also found at all sizes. Spontaneous transitions from the
blocked state to the superparamagnetic state are observed in single particles and suggest that the enhanced
magnetic energy barriers in the ferromagnetic particles are due to metastable, structurally excited states
with unexpected life times.
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Metastability is a well-known phenomenon in condensed
matter, where energy barriers prevent a system to relax
from a higher-energy state to the ground state. Since the
barrier heights usually scale with the system size, the
preparation of metastable, higher-energy states becomes
possible at the nanoscale [1,2]. Such states can be of
profound interest when searching for materials with novel
properties. For instance, much effort is currently undertaken to find magnetic nanostructures with properties that
enable us to overcome the so-called “superparamagnetic
limit,” which will occur when further reducing the magnetic
bit size for future high-density magnetic data storage
devices [3–5]. Such applications require a magnetic energy
barrier Em that is sufficiently high to prevent thermally
driven switching of the magnetization at relevant temperatures (superparamagnetism). The barriers are usually
provided by the magnetic anisotropy energy (MAE), which
to first order scales with the particle volume. The magnetic
relaxation rate v of a small magnet at a given temperature T
is given by an Arrhenius law according to v ¼ v0 expð−Em =
kB TÞ with the thermal energy kB T. The attempt frequency
v0 depends on temperature, saturation magnetization,
and the MAE [6–8]. The corresponding relaxation time
is τr ¼ 1=v.
A direct experimental access to structural higher-energy
states and their impact on the magnetic properties is,
however, not trivial, particularly when ensemble measurements are considered. Even monodisperse nanomagnet
ensembles can show considerable particle-to-particle variations in their properties either due to size effects,
interparticle interactions, their individual interfaces with
the environment, or surface effects [9]. Experiments with
0031-9007=14=112(10)=107201(5)

single particle sensitivity enable us to disentangle the
different contributions, and thus to distinguish lower or
ground state properties from higher-energy states [10,11].
Here, we study the magnetization of individual iron (Fe)
nanoparticles by magnetic spectromicroscopy. The magnetocrystalline anisotropy of bulk Fe suggests superparamagnetic (SPM) behavior at room temperature (RT).
Indeed, such particles have been found experimentally
[12]. However, other authors reported enhanced magnetic
energy barriers from ensemble measurements, which predict ferromagnetic (FM) behavior in the present size range
[13]. Our experiments with single particle resolution seem
to resolve these apparently contradictory observations and
reveal that SPM and FM nanoparticles can coexist in the
present size range. The FM state is metastable and can
spontaneously decay towards the SPM state. We attribute
this behavior to a structurally excited state with a remarkable lifetime at RT.
The Fe nanoparticles under investigation are generated
by an arc cluster ion source [14] and deposited in situ onto
Si substrates which are passivated with a native oxide layer.
The kinetic energy of the particles prior to the impact on
the substrate is smaller than 0.1 eV=atom. Thus, it is
anticipated that particle or substrate damage is avoided
[15] (cf. Supplemental Material [16]). The distribution of
particle sizes D ranges from 8 to 20 nm as determined from
ex situ height measurements using atomic force microscopy
[Fig. 1(a)]. Complementary ex situ high-resolution scanning electron microscopy is used to identify well-shaped,
noninteracting particles and to exclude agglomerates from
the analysis [17]. A unique identification of the same
particles in the different microscopes is possible using

107201-1

© 2014 American Physical Society

Konstanzer Online-Publikations-System (KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-279163

PHYSICAL REVIEW LETTERS

PRL 112, 107201 (2014)
counts

20

(a)

(b) X-rays

s

10
0

D

θk
5 10 15 20
particle size (nm)

H

(d)

(c)

3µm

3µm

counts

120

(e)
80
40

H=0T
T = 300 K

0

-0.1

0.0
normalized XMCD

0.1

FIG. 1 (color online). (a) Particle size distribution. (b) Sketch of
the experimental geometry and the equilibrium shape of the
nanoparticles. (c) PEEM elemental contrast image. (d) Magnetic
contrast image. Solid (dashed) circles highlight some FM (SPM)
particles. (e) Distribution of normalized XMCD contrast values,
calculated from the data in (d).

chromium-gold lithographic markers [10]. Particles in the
present size range possess a bcc crystal lattice and a
saturation magnetization similar to bulk Fe [14,18,19].
High-resolution transmission electron microscopy of particles produced with the present cluster source demonstrates a faceted shape close to that predicted by a Wulff
construction [14] [cf. Fig. 1(b)]. The deposition results in a
nearly random spatial distribution of a few particles per
μm2 with random crystallographic orientation [18].
The magnetic properties of the particles are studied
in situ by means of x-ray photoemission electron microscopy (PEEM) [20]. The experiments are carried out with a
pressure below 5 × 10−9 mbar. Elemental contrast images
[Fig. 1(c)] are obtained by pixelwise division of images
recorded successively at the Fe L3 absorption edge
(∼709 eV) and a pre-edge energy (∼703 eV). The magnetization of each particle is visualized using the x-ray
magnetic circular dichroism (XMCD) effect [21]. The latter
gives rise to a magnetization dependent intensity according
⃗
to IðC Þ ¼ I 0  γðk⃗ · mÞ,
where I 0 is the isotropic (nonmagnetic) contribution, k⃗ is the x-ray propagation vector
⃗ is the
with an angle of incidence θk ¼ 16° [Fig. 1(b)], m
magnetization vector of the particle, γ is a material and
photon- energy-dependent constant, and C denote circular
right- and left-handed polarization. A measure of the
magnetization of the particles is given by the normalized
XMCD defined as [IðCþ Þ − IðC− Þ=½IðCþ Þ þ IðC− Þ.
The experiments reveal that initially about 40% of the
particles show stable magnetic contrast ranging from
⃗ to “black” (m
⃗
⃗ parallel to k)
⃗ antiparallel to k)
“white” (m
at RT and under zero external magnetic field [Fig. 1(d)].
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These particles have a magnetic relaxation time τr much
longer than the experimental time resolution (τexp ¼ 20 s)
and are referred to as FM particles. As discussed below, this
magnetically blocked state can be observed over many
hours. The other fraction of particles shows no magnetic
contrast under these conditions. This is also seen in a
histogram of the normalized XMCD contrast of the
particles [Fig. 1(e)]. The data reveal a peak at zero
XMCD contrast on top of a flat distribution of finite values
(indicated by the horizontal line). The latter contribution
can be assigned to FM particles with randomly orientated
magnetic moments, where the minimum negative and
maximum positive XMCD contrast values correspond to
“black” or “white” particles in Fig. 1(d). As demonstrated
below, the peak at zero can be attributed to SPM particles.
To obtain further insight into the properties of the particle
ensemble, an external magnetic field H is applied and the
normalized XMCD contrast as a function of H is recorded
(Fig. 2). Some representative particles are highlighted in the
elemental and magnetic contrast images before applying
the magnetic field in Figs. 2(a) and (b). Most of the particles
that initially show no magnetic contrast can be magnetized
by applying a few mT [cf. particle “A” in Figs. 2(a) and (b)
and its magnetization curve in Fig. 2(c)]. This behavior
indicates SPM particles with magnetic energy barriers well
below that of the FM particles. The latter change their
contrast only slightly or switch their contrast at some field
values from “white” to “black” or vice versa [cf. particle
“B” and its magnetization curve in Fig. 2(d)]. Switching
occurs here via thermal excitation, which is promoted by
a reduction of Em due to the applied magnetic field. (The
Zeeman energy is less than 0.1 eV for the present particles
and fields.) The magnetic state of the particles is further
confirmed by observing the normalized XMCD as a function
of the azimuthal sample orientation ϕs at H ¼ 0 mT.
The SPM particles show no contrast at any orientation,
while the FM particles show an angular dependence accord⃗ as shown in the insets of Fig. 2(c) and (d).
ing to γðk⃗ · mÞ
Correlating the magnetic state with the particle size surprisingly reveals that the particles can be FM or SPM,
irrespective of their size (Fig. 3).
To evaluate the magnetic energy barrier of the FM
particles, the sample temperature is varied. Most of the
FM particles start to alter their magnetic contrast at 340 K and
loose their contrast between 360 and 375 K [Figs. 4(b)–(f)],
which indicates that their relaxation time becomes shorter
than the experimental time resolution. When subsequently
cooling the sample to RT, only about one third of the initially
FM particles recover their magnetic contrast. Some of these
particles show a contrast reversal, demonstrating that thermally activated fluctuations of the magnetization have
occurred during the experiment. With longer observation
times thermally induced magnetic switching can be found
also at RT [Fig. 4(h)]. The switching occurs between two
states with the same XMCD contrast, but opposite sign.
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FIG. 3 (color online). The same size distribution as shown in
Fig. 1(a), but now the magnetic state of the particles is highlighted
with red for FM and shaded for SPM. Particles with a normalized
XMCD ≥j0.03j (with H ¼ 0 mT) were counted as FM.
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FIG. 2 (color online). (a),(b) Elemental and magnetic contrast
images in the initial state before the magnetic field is applied.
(c)–(f) Response of individual particles to a sequence of applied
magnetic fields (ϕs ¼ 0°). The cycle starts with H ¼ 0 mT at
time ts . The field cycle is indicated by black arrows. The full
cycle is recorded over a time of about ten hours. The magnetic
response of a particle is given by its field-dependent normalized
XMCD contrast (circles). The red and the dashed lines serve as a
guide to the eye. Three particles are denoted as “A,” “B,” and “C”
in (a) and (b). Their magnetization curves are depicted in (c), (d),
and (f). The insets in (c) and (d) show the normalized XMCD
recorded as a function of ϕs (H ¼ 0 mT). The green line in (d) is
a fit to the data. The magnetization curves in (e) and (f)
demonstrate spontaneous transitions from (initially “white”
and “black”) FM states to SPM behavior.

⃗ which is typical
This behavior indicates a 180° reversal of m,
for a dominant uniaxial anisotropy contribution. From
Figs. 4(b)–(h) we obtain a mean magnetic energy barrier
Em ≥ 0.76 eV via the Arrhenius law and an estimate of
the corresponding attempt frequency for all particles exhibiting the reversible FM/SPM transition (cf. Supplemental
Material [16]).
About two thirds of the initially FM nanoparticles do not
recover their magnetic contrast upon heating to 375 K and
subsequent cooling down to RT. Heating the sample to
420 K leads to an irreversible loss of magnetic contrast in
all initially FM particles. Thus, another thermally induced
but irreversible relaxation mechanism might exist that
significantly alters the magnetic behavior of the particles.

Indeed, we observe spontaneous transitions from the FM
to the SPM state also at RT as shown, e.g., in Figs. 2(e)
and 2(f). These particles are initially ferromagnetically
blocked, but after some time their magnetization approaches
the response of the SPM particles. The curves further reveal
that the transition may evolve via transient states that give
rise to some jumps in the magnetization curves.
To assess these observations we estimate the MAE and
the related magnetic energy barriers of isolated Fe particles
with a bulklike bcc lattice and a highly symmetric shape
with (100) and (110) surface facets [Fig. 1(b)]. We refer to
this as a structural low-energy state. The total MAE is given
by magnetocrystalline, shape, and surface anisotropy contributions. The surface anisotropy energy can be relatively
high in Fe [12], but its contribution to the total magnetic
energy barrier can be neglected in the present size range [22].

FIG. 4 (color online). (a) Elemental contrast image.
(b)–(f) Evolution of magnetic contrast with temperature.
(g) Magnetic contrast upon subsequent cooling to RT. White
circles highlight particles that show a reversible FM/SPM transition. Red circles indicate initially FM particles which do not
recover their contrast when cooling back to RT. The scale bars in
(b)–(g) indicate 2 μm. (h) Thermally induced fluctuations of the
magnetization. (i) Elemental contrast image. (j),(k) Magnetic
contrast at RT and at 130 K. Some FM (SPM) particles are
highlighted by solid (dashed) circles.
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Also, a highly symmetric Wulff-shaped iron particle has
hardly any shape anisotropy contribution [23]. The largest
particles studied here (D ¼ 20 nm) consist of about 410,000
atoms. The bulk magnetocrystalline anisotropy constant
of 3.3 μeV=atom yields then a total MAE of about EMAE ¼
1.35 eV [24]. Since the bulk anisotropy is cubic, the
associated energy barrier is Em ¼ EMAE =4 ¼ 0.34 eV [7],
which scales with the particle volume. Thus, it is evident that
particles in the present size range and with the above defined
properties should be SPM at RT (cf. Supplemental Material
[16]). Indeed, the observed SPM particles behave this
way and their SPM state persists down to 130 K
[Figs. 4(i)–(k)].
Our experiments demonstrate significantly different
magnetic properties in the FM particles with a dominant
uniaxial anisotropy and a much larger magnetic energy
barrier when compared to the SPM particles or the
low-energy state discussed above. A uniaxial magnetic
anisotropy term could arise due to deviations from the
symmetric shape. Assuming for instance a slightly ellipsoidal shape with an aspect ratio of 1.05, we obtain a
magnetic energy barrier of about Em ¼ 0.2 eV for a
particle with a volume corresponding to a size of 12 nm
[25]. This value indicates that shape anisotropy may indeed
contribute to the properties of the FM particles, but on its
own it is not sufficient to explain our observations. For
instance for the smallest particles with D ¼ 8 nm, an aspect
ratio of 1.5 would be required to yield an FM state at RT.
While particles with this geometry would still show a
coherent reversal mechanism (not via domain nucleation
and propagation) with high magnetic stability [26,27], their
presence in our samples can be excluded based on our
complementary structural characterization. Alternatively,
strain can yield a sizeable magnetoelastic anisotropy contribution [28]. Using the magnetoelastic constants known
from bulk Fe, a strain of ∼4% would be required in the 8 nm
particles to explain the observed magnetic stability.
However, homogenous strain of this magnitude appears
very unlikely to persist in a nanoparticle of this size. This
suggests that either the magnetoelastic properties in nanoparticles significantly differ from the bulk or the strain is
strongly localized, e.g., via defects or dislocations. Such
structural modifications are usually energetically unfavorable, when compared to the low-energy state described
above and are therefore often discarded. However, our
experiments show FM states with a surprisingly long lifetime, which we attribute to metastable local structural
modifications. In fact, we observe that at RT less then
10% of the FM particles show the transition to SPM behavior
during the total time of the experiment of about ten hours.
The direct experimental access to such structural modifications in nanoparticles remains challenging. Only
recently have techniques been developed that enable the
mapping of strain in supported single nanoparticles. These
studies demonstrate that inhomogenous strain may arise
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due to surface tension and defects at the particle-substrate
interface [29]. Moreover, if dislocation structures within
the particles were formed either during growth or upon the
impact onto the substrate, such dislocations could also
result in a uniaxial magnetic anisotropy [30]. Respectively,
enhanced magnetic energy barriers in Fe nanostructures
have been reported by several authors [13,23,31,32], while
others found bulklike MAE [9,12,33]. Our data show that
both forms of particles can coexist over a large size range
and that the metastable FM particles can transform into a
state with magnetic properties closer to the structural
low-energy state. This observation further demonstrates
the presence of two different but interrelated phenomena
with different time scales: one associated with irreversible
structural relaxation and the other associated with magnetic
switching. Here, the latter time scale changes as a result
of the structural relaxation and causes a crossover from
FM to SPM behavior. Whether an FM or SPM character is
predominantly found in experiments may depend on the
sample treatment, e.g., on whether ground state relaxation
of the particles has been achieved by thermal annealing
or not.
In summary, we have demonstrated that Fe nanoparticles
can possess metastable magnetic properties that are significantly different from those derived from the properties
of bulk Fe. Rather than all particles in the investigated
size range exhibiting the expected superparamagnetism, a
significant proportion of the Fe nanoparticles demonstrate
FM behaviour. This FM proportion is characterized by
uniaxial magnetization dynamics. The altered magnetic
properties are attributed to metastable structurally excited
states of the particles which can spontaneously relax to
a lower-energy state that exhibits the anticipated SPM
behavior. The coexistence of SPM and FM particles with
the same size demonstrates that simple scaling of magnetic
properties may not reflect the behavior of a nanoparticle
ensemble—even when monodisperse, noninteracting
samples are studied. Finally, we notice that the uniaxial
magnetization dynamics in the FM particles indicate
magnetic bistability—a property that is relevant for applications, such as magnetic data storage. Thus, searching for
ways to stabilize nonequilibrium structures made from softmagnetic materials such as Fe might provide an interesting
alternative to nanoparticles with ground state properties of
hard-magnetic bulk alloys.
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