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Collective behaviors in which the magnetic response depends not only on the individual constituents but also on their interactions are an area of active research. We have produced a paradigmatic system where DC magnetron sputtered Fex Ag100−x (x = 15, 35) nanogranular films exhibit
a crossover between a superspin glass (SSG) state and superferromagnetism (SFM), where direct
exchange interactions overcome the frustration. The systems have been studied by non-linear susceptibility (NLS) and small angle neutron scattering (SANS). The NLS measurements were carried
out between 2 and 300 K, in the absence of a biasing magnetic field, with frequencies spanning
two decades. These measurements shed light on the complex nature of the interactions and the
intricate relationship between direct exchange and long range magnetic interactions. The use of
SANS allows us to estimate qualitatively the lengthscale of the magnetic correlations, and therefore
identify a clear difference between the collective “supermagnetic” states (i.e. SSG and SFM) while
establishing links between the structure and the magnetic interactions.
PACS numbers: 75.75.-c; 75.50.Lk;75.50.Tt.

INTRODUCTION

The study of magnetic nanoparticles (MNP) has attracted great attention in recent years. These nanostructured systems present huge opportunities for technological applications: improving the contrast of nuclear
magnetic resonance imaging, the treatment of cancer cells
through hyperthermia and the ultrasoft magnetic properties of nanocrystalline alloys or giant magnetoresistance
devices [1–3]. To deliver such cutting edge applications
it is of paramount importance to understand the fundamental magnetic interactions. An ensemble of MNP can
present a variety of magnetic responses governed by the
strength of the interparticle magnetic interactions. In
single domain particles, when the interactions are negligible, a superparamagnetic (SPM) behavior is observed:
the single domain particles oscillate between two equivalent magnetic states due to the effect of temperature with
a characteristic time given by the Arrhenius-Néel law.
Therefore the system is said in a blocked state when the
acquisition time of the experimental technique is lower
than the characteristic time or in the superparamagnetic
(SPM) state when the acquisition time is greater than the
characteristic time. Conversely when the interparticle interactions are very strong all of the nanoparticles could

spontaneously align in a superferromagnetic (SFM) state
[4–8]. In between these two extremes the superspin glass
(SSG) state is found. The SSG, the nanoparticle replica
of the atomic spin glass, occurs when there is structural
disorder and there are conflicting interactions among the
nanoparticles resulting in magnetic frustration. The intensity and the sign of the interactions will depend on the
concentration of MNP in the ensemble, the matrix and
the nanostructure in a complex interplay [9–11]. Combined, these produce a system with a collective freezing
of the nanoparticles, similar to the atomic spin glass [12].
Many of the studies addressing magnetic interactions
between nanoparticles have been performed using DC
magnetization [8, 10, 11], AC susceptibility [4, 9] and
Mössbauer spectroscopy [3, 13–15]. Though incredibly
powerful these macroscopic techniques cannot provide
evidence on the structure of the magnetic entities. Relevant magnetic details can be provided by non-linear susceptibility (NLS) which gives unique information about
the intimate nature of the magnetic transitions [16–18].
The non-linear susceptibility is a very useful tool to easily distinguish between different types of magnetic orderings. The standard method to derive the NLS was indirect and a laborious task as it was necessary to measure
DC-magnetization M(T,H) curves. In addition the re-
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sults (non-linear peaks) are not sharply defined. However
nowadays, thanks to lock-in detection, it can be recorded
at the same time as conventional AC susceptibility, being able to define the peaks much more accurately. In
addition, small angle neutron scattering (SANS) is an
ideal tool for linking magnetism and nanostructure as
it provides simultaneous information on both properties
[19, 20]. Disentangling the structural and magnetic components is possible using a saturating magnetic field. In
this work we analyze the crossover from a SSG to a SFM
state in nanogranular films by SANS. We have selected
two well analyzed samples; Fe15 Ag85 which presents a
SSG behavior with a transition temperature (temperature at which the system transitions from a SPM state
to a low temperature SSG state) at Tg = 35.2 (5) K and
a SFM sample, Fe35 Ag65 with T0 = 222 (2) K. It is useful to apply the critical slowing down analysis reported in
[4, 7] to estimate the temperature where the SANS will
see the system as frozen. We are supposing an interacion
time of 10−12 s and a critical exponent zν = 8.6 for the
SANS experiment [4], making the transition temperature
T∗ = 114 K. The SSG sample is far away from the chemical percolation limit, while the SFM one is on the verge
[21]. SANS data analysis will allow us to understand the
size of the magnetic correlations, and its relationship to
the nanostructure.

METHODS

We have produced Fe15 Ag85 and Fe35 Ag65 nanogranular thick films (1 µm) by DC magnetron sputtering on
Si (100). These thick nanogranular films have the same
magnetic properties as the thin films reported elsewhere
[4, 7] and exhibit an appealing crossover between SSG
and SFM behavior by tuning the Fe concentration. The
non-linear susceptibility, a highly demanding experiment
with films, has been recorded in a QD-PPMS with a lockin detection and with a very small biasing field (around
several Oe stemming from parasitic current in the superconducting coil) with a driving field of h =10 Oe and
frequencies between 100 ≤ ω ≤ 10000 Hz. For the SANS
experiment we have removed the films from the Si substrate and stacked several films together to increase the
amount of sample in the beam. The SANS experiment
has been performed on the SANS2D beamline at ISIS,
Didcot, United Kingdom with the detector sited 4 m from
the sample [22]. This produces an accessible wavevector (Q) range between 0.008 ≤ Q ≤ 0.4 Å−1 . The experiment was performed at three different temperatures:
300, 150 and 10 K. At each temperature the SANS pattern was acquired in the absence of applied magnetic field
and with a field of µ0 H = 2 T in a direction parallel to
the film surface, enough to saturate the samples. Special care was taken in cooling the samples by following
a zero field cooling protocol. Azimuthal averaged scat-

tering profiles were obtained by integrating around the
entire 2D pattern when it was isotropic, and in sectors of
15°parallel and perpendicular to the field direction when
the 2D patterns presented an asymmetry. Multiple scattering effects have not been taken into account due to the
small quantity of sample in the beam.
RESULTS AND DISCUSSION

Non-linear susceptibility has proved to be an excellent
technique to unambiguously distinguish between different types of magnetic systems. As it can be seen in reference [23], where the χAC susceptibility presents a positive peak at the relevant transition temperature (Curie
temperature in a ferromagnet, Néel temperature in an
antiferromagnet or glass temperature in a spin glass)
in most of the magnetic systems, the non-linear terms
present different features, such as a negative peak for the
glassy systems or a divergence at TC in ferromagnets.
More recently it has been used to distinguish between
different glassy systems and directly probe the prevalent
magnetic ordering within the magnetic clusters [16, 17].
It is known that the magnetization can be expanded as
M (T, H) = m0 + χ1 (T, H)h + χ2 (T, H)h2 + χ3 (T, H)h3 + ...
where m0 is the remanent magnetization, χ1 is the linear
susceptibility, χ2,3,... are the non-linear terms and h is
the oscillating magnetic field. The non-linear term are
small in comparison with the linear, but can provide useful information on the character of the magnetic ordering.
The presence of even terms in the non-linear susceptibility (which are proportional to the spontaneous magnetization) would be a clear indication of ferromagnetic-like
correlations, since paramagnetic or glassy systems have
inversion symmetry, that is M (H) = −M (−H). On the
other hand, the shape of the odd terms of the NLS can be
used as fingerprints of the different magnetic responses
[23]. We have measured the non-linear response (second and third harmonic, χ2 and χ3 ) as a function of
frequency between 5 ≤ T ≤ 300 K. The temperature
evolution of both χ2 and χ3 components in the Fe15 Ag85
system (see Figure 1) presents a negative peak at the
transition temperature, T0 , whose intensity is reduced
when increasing frequency. The fact that the third harmonic is greater in intensity than the second is a clear
indication that the ferromagnetic component is residual,
probably coming from parasitic currents in the superconducting coils, which will produce a tiny field enough
to magnetize the system, breaking the inversion symmetry even in the SSG-SPM states. However, it is worth
remembering that the non-linear terms will decrease orders of magnitude when increasing the non-linearity. To
sum up, the glassy state previously reported in [4] by
χAC has been confirmed by the large response of the χ3
component. The behavior of the Fe35 Ag65 presents an
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FIG. 1. Real components of the second and third harmonic
terms of the non-linear susceptibility for the Fe15 Ag85 system.
The system displays negative peaks for both the χ’2 and χ’3
components.

important similarity in both χ2 and χ3 components as
can be seen in Figure 2. In this case, as could be expected from a system on the verge of long-range ordering
[4], the χ2 component is more intense than the χ3 one
(in opposition to the more diluted Fe15 Ag85 ). The frequency dependence of the Fe35 Ag65 presents the same
trend, although much more pronounced: on increasing
the frequency the signal decreases, as it was observed in
polycrystalline La0.7 Pb0.3 Mn0.8 (Co,Ni)0.2 O3 manganites
[17]. More interestingly, for the highest frequency available (where shorter time and lengthscales are probed), ω
= 10000 Hz the shape of the χ3 changes drastically from
the featured shape of a glassy system (a negative peak
centred at the freezing temperature) to the form observed
in a conventional ferromagnet: a positive peak at low
temperatures, crossing through zero at T0 and followed
by a negative peak at higher temperatures [23]. This
is an unambiguous signal of the ferromagnetic character
of the system at relatively short time and lengthscales,
confirming the previous tentative interpretation [4] of the
χAC data.

FIG. 2. Real components of the second and third harmonic
terms of the non-linear susceptibility for the Fe35 Ag65 system.
The inset shows the highest frequency, ω = 10000 Hz where
the χ’3 component experiences a change in the shape, highlighting the ferromagnetic correlations present in the system.
The existence of a maximum and a minimum is a signal of
ferromagntic coupling.

In order to shed more light onto the SSG-SFM
crossover detected by AC-susceptibility [4] and confirmed
here by NLS we need to employ the SANS technique.
SANS is the ideal tool to describe the magnetism over
the appropriate length scales for nanomagnetic systems.
At room temperature and in the absence of magnetic
field, both the Fe15 Ag85 and the Fe35 Ag65 SANS 2Dpatterns are isotropic (see Figure 3). When a saturating
magnetic field is applied, the patterns become asymmetric, the long axis aligning perpendicular to the magnetic
field. When the system is cooled down to T = 150 K
the patterns, with no applied field, present an increase
in the scattered intensity, but there are striking differences for the two systems. The Fe15 Ag85 system remains
isotropic whilst the Fe35 Ag65 one presents an asymmetry. Similar behavior has been observed in the Co-SiO2
nanogranular thin films [20]. Surprisingly the shape of
the asymmetry is different to the case of an applied field,

4
with the long axis parallel to the magnetic field direction. A very similar asymmetry has been reported in the
soft magnetic nanocomposite Nanoperm [24, 25], under
a magnetic field of 210 Oe. This has been interpreted as
arising from the spin-missalignment scattering between
the surface and bulk spins in the single domain state. It
has also been argued by Löffler et. al [26] that such an
asymmetry originates from the existence of magnetic domains extending over several grains with a net magnetic
moment perpendicular to an external field smaller than
that required to saturate the sample [26]. This asymmetry could be either intrinsic or could be ascribed to a
small stray field in the superconducting magnet. Independently of this, the effect is more pronounced for the
Fe35 Ag65 than for the Fe15 Ag85 films, as it could be expected from a SFM system in comparison with a SSG
one. The effect of the saturating magnetic field is the
same as in the T = 300 K pattern in both systems, an
anisotropic scattering pattern with the long axis aligned
perpendicular to the field direction. Finally at T = 10 K,
in the absence of field both samples present an asymmetric shape, as in the case of Fe35 Ag65 at T = 150 K and
µ0 H = 0 T. The effect of the saturating field is similar
to that at higher (T = 300, 150 K) temperatures.
It is widely known that the SANS differential cross
section is the addition of the nuclear and the magnetic
components ([19]).
8π 3
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where Ñ (Q) is the nuclear scattering amplitude and
M̃i (Q) are the Fourier coefficients of the magnetization
vector. In a saturated state (i.e. M(r) = [0, 0, Mz (r)]),
the magnetic scattering cross sectionis proportional to
sin2 (θ), being θ the angle between the magnetic moments
and Q. When a saturating magnetic field is applied all
the magnetic moments in the sample are aligned with
the magnetic field, making zero the magnetic component
of the SANS signal in the direction parallel to the field.
This is a standard procedure to disentangle the nuclear
and the magnetic scattering [27].
To analyze the data we have extracted I(Q) cuts parallel and perpendicular to the magnetic field direction,
in all the acquired patterns. We will first focus on the
nuclear scattering. We have selected the cut parallel to
the applied field under a saturating field at room temperature to remove the weak contribution from the blocked
nanoparticles at lower temperatures. The curves from
both systems present similar behavior (Figure 4), presenting an power-law decrease of the signal at low Q
(Q−3 ), followed by a plateau and a maximum around

Q = 0.23 Å−1 . The main difference is that while the
Fe15 Ag85 present a bigger intensity in the plateau region
around 0.06 Å−1 , the Fe35 Ag65 has a more intense signal at the peak position, around 0.23 Å−1 . Interestingly,
the distance corresponding to the peak position matches
with the size of the Fe nanoparticles as estimated from
the magnetic properties of the ensemble (2.7 nm) [4].
Usually the existence of such peaks in the SANS signal
is attributed to the periodic distance between scatterers
[28–30], and there are features that prove that the peak
has its origin in the Fe nanoparticles: when analysing
the signal perpendicular to the applied field, the saturated magnetic signal is added to the nuclear one. The
main effect in both systems (Fe15 Ag85 and Fe35 Ag65 ) (see
bottom panels of Figure 4) is an increase in the peak
intensity, with a marginal increase in other Q-regions.
Therefore, the most plausible explanation for the existence of the magnetic peak is the previously reported [4]
existence of clusters of Fe nanoparticles. This fact simultaneously explains the importance of the interactions
even for very diluted systems [10] and the invariance of
the peak position when increasing the concentration. The
temperature dependence of the patterns under an applied
field is small (not shown). We attribute the minute differences to the existence of some frozen nanoparticles at
low temperature in a direction not parallel to the applied field since the system was cooled under a zero field.
This produces an increase of the signal parallel to the
magnetic field arising from a non-zero magnetic contribution. It is worth noting that the magnetic SANS signal
of a saturated homogeneous ferromagnet will be zero: an
infinite correlated system will have all the intensity exactly at Q = 0. The application of a saturating magnetic
field produces the described increase of the peak originated from the individual Fe nanoparticles, and displacing the remaining magnetic intensity out of the accessible
Q-range. Several standard models (hard spheres, combination of two hard spheres, fractal model)[31–33] have
been utilized to attempt to fit the structural Istruc (Q)
curves, but have yielded no success. It should be remembered that the Ag is arranged as nanoparticles, forming
the matrix. In consequence, the possible existence of
cross-correlated terms stemming from both (Fe and Ag)
ensembles of nanoparticles prevents us from coming to a
conclusive result.
Now that the SANS signal has been analysed in the
case of a saturating magnetic field, (which allows us to
extract the structural component and the magnetic one
under a saturating magnetic field) we will turn our focus
on the study of the SANS signal in µ0 H = 0 T. This is
of prime interest to analyze the magnetic correlations in
the films [20]. It is common when analyzing the magnetic SANS signal, Imag (Q) to use the expressions consisting on linear combinations of powers of Lorentzian
curves. This approach previously used for a variety of
systems [28, 34–38] does not fit our experimental data
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FIG. 3. SANS 2D patterns as a function of temperature, field and composition: The left column represents the samples at T
= 300 K, the middle one T = 150 K and the right one T = 10 K. The top row corresponds the Fe35 Ag65 in a µ0 H = 0 T up
and µ0 H bottom= 2 T. The second row corresponds to Fe15 Ag85 in a µ0 H = 0 T top and µ0 H = 2 T bottom. Both systems
present similar features: isotropic patterns at room temperatures and asymmetry below the transition temperature in absence
of field. The arrows mark the direction of the applied magnetic field.

exp
(T, H) = I(T, H) − I(300K, 2T )par ), and hence we
(Imag
are limited to provide details of a qualitative analysis.
At T = 300 K, the Fe15 Ag85 (see top panel Figure 5)
signal is very close to the structural one, being different
in the region 0.015 ≤ Q ≤ 0.2 Å−1 (highlighted in the top
panel of Figure 6), which corresponds to the lengthscale
3.1 ≤ D ≤ 42 nm. This implies some short-range correlations among clusters of Fe nanoparticles (approximately
between 2 and 15 closed packed Fe nanoparticles, bearing
in mind that the size of a single MNP is around 2.7 nm),
even in the most dilute case, at high temperatures and
in absence of field, as was suggested in previous studies
[4, 8, 10]. Cooling down to 150 K produces an increase
of the magnetic signal in the whole Q-range, specially
in the 0.01 ≤ Q ≤ 0.2 Å−1 (3.1 ≤ D ≤ 63 nm, clusters spanning 2 to 23 Fe nanoparticles) region. Still the
difference in the low-Q exponential decay is small. It is
straightforward to derive that cooling down (even in the
interacting SPM regime) produces a growth of the magnetically correlated regions. Further cooling (below the
transition temperature, around 114 K for neutron scattering) produces a drastic change and an interesting and
surprising effect: a spontaneous asymmetry is induced in
the 2D pattern, as was previously shown in Figure 3.
This asymmetry implies some sort of preferential orientation on the magnetic correlations among the clusters
at low temperatues, as is supported by the existence of a

negative peak in the χ2 . In a different system [36] (SPM
Fe nanoparticles under an applied field) a bigger intensity
in the direction parallel to the field than in the perpendicular one was observed, linked to the existence of magnetic
correlations transverse to the applied field. They predicted a reverse in the trend i.e. the parallel component
weaker than the perpendicular one at high Q-values (correlations inside the nanoparticles), as happens in our case
for Q & 0.1 Å−1 . An asymmetry in the 2D SANS pattern in a zero field cooling has been reported by Sankar
et al. [20]. Their system was a nanogranular thin film
with 41% in volume of Co nanoparticles in a SiO2 matrix.
However notable differences are present. In their system
no magnetic signal is observed above the transition temperature, and a clear peak in the magnetic signal (linked
to the existence of AFM coupled magnetic domains in
the SFM film) appears below it. In our case magnetic
signal is observed above the transition temperature and
no peak in the magnetic term is present. This indicates
the existence of magnetically correlated regions in all the
in-plane directions. Both components of the Fe15 Ag86 at
10 K (parallel and perpendicular to the field direction in
absence of field) present an increase in the intensity with
respect to the 150 K pattern, but now the enhancement
is located in the low Q region, below 0.06 Å−1 , with the
maximum difference around 0.02 Å−1 (31 nm, a cluster
including around 12 nanoparticles). When approaching
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FIG. 4. Main top panel: SANS signal in the direction parallel to an applied magnetic field of 2 T. As can be seen in
the inset of the main panel (Fe35 Ag65 , bottom left, black line;
and Fe15 Ag85 , red line) both samples are saturated at such a
high field, and hence, we are sensitive to the structural part
of the SANS signal. The main difference between both samples are concentrated around Q ∼ 0.06 Å−1 (around 10 nm
of diameter), where Fe15 Ag85 presents a more intense scattering and at Q ∼ 0.2Å−1 (around 3 nm), where Fe35 Ag65 is
stronger. The bottom panel present both directions (parallel
and perpendicular cuts), for the Fe15 Ag85 (left bottom panel)
and Fe35 Ag65 (right bottom panel), respectively.

the lowest accessible Q, the magnetic component decays,
pointing to a finite length scale of the magnetic correlations. This is expected from a glassy state, although
the correlation length is above 160 nm (the lowest accessible Q). We can compare the obtained correlation
length (around tens of nanometres for the SSG system
and hundreds for the SFM one) with the ones obtained
using a modification to the random anisotropy model. A
very similar system: Fe20 Ag80 shows a correlation length
of 24 nm, in the same order of magnitude as the obtained here. On the other hand the Fe35 Ag65 presented
a much shorter correlation length: 40 nm compared with
the hundreds of nm obtained by SANS [7]. This disagreement on the correlation length estimated via SANS
measurements [20] or the modified RAM model [39] has
been previously observed. Regarding to the small asymmetry between the parallel and perpendicular directions
in absence of field, it is reasonable to interpret that when
the system transitions from the high temperature to the

FIG. 5. SANS signal in absence of magnetic field. The top
panel shows the Fe15 Ag85 , while the bottom panel shows the
Fe35 Ag65 . The black line is the structural SANS signal. Note
that below the transition temperature of each sample (47 K
for the Fe15 Ag85 and 222 K for the Fe35 Ag65 ) there is a difference between the directions parallel and perpendicular to
the applied field direction, being the smoking gun of a nonisotropic growth of the magnetic correlations.

low temperature glassy state the magnetically correlated
regions present a preferential orientation. Further SANS
experiments are needed to study and fully understand
this interesting phenomenon, especially quantifying the
coercivity of the correlated regions and compare it with
the whole system.
The case of the Fe35 Ag65 (see bottom panels of Figs.
5 and 6) presents some similarities with the more diluted case. At 300 K, above the transition the pattern
is isotropic, and again, although there is magnetic signal
down to the lowest accessible Q value, it points to a finite
value. Another similarity is the spontaneous asymmetry
developing when the sample is cooled down below the
transition temperature (222 K for the most concentrated
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ticular length scales allow us to explore the length of
the magnetic correlation in SSG and in SFM. This is of
particular interest since the lengthscale of the magnetic
correlations will trigger the crossover between the states:
if the interactions span over a finite number of clusters,
interactions of opposing sign will originate the SSG state.
On the other hand, when the magnetic correlation length
spreads across the whole system the superferromagnetism
is realized.

CONCLUSIONS

A marked difference between SSG and SFM state has
been observed in non-linear susceptibility results, in comparison with the similarities found in the more common
χAC . Furthermore, SANS has been utilized to link the
magnetism of the different magnetic phases with the relevant length scale, establishing a difference between the
two different magnetic states and quantifying the length
scale of the magnetic interaction as a function of the temperature and composition. An asymmetry in the absence
of magnetic field in the 2D patterns stemming from spinmisalignment of the single domain particles have been
observed at temperatures below the (SSG or SFM) transition in each system.
FIG. 6. Normalized magnetic intensity of Fe15 Ag85 (top
panel) and Fe35 Ag65 (bottom panel). As can be observed
there is a massive increase of the normalized magnetic signal between the SSG and the SFM, as could be expected.
Fe15 Ag85 presents a localized magnetic signal at temperatures
above the transition. Below, the magnetic correlation length
spans the accessible Q-range, although the trend points to a finite correlation length. On the other hand, Fe35 Ag65 displays
long and probably finite magnetic correlations even at high
temperatures. When the system is cooled down, the correlations grow; being finite in the cut perpendicular to the field
direction and presenting a plateau at the lowest accessible Q
in the cut parallel to the field direction.

system), although here is much more intense than in the
diluted system. It is relevant to note that the magnetic
contribution of the parallel direction at T = 150 K (see
Figure 6) is greater than the perpendicular direction at
T = 10 K (and obviously the perpendicular direction at
T = 150 K). The main difference is not only the intensity
of the magnetic signal, but also that below the transition
temperature, the correlation length in the direction parallel to the field direction seems to extend to much longer
values, as would be expected in a ferromagnetic-like correlated state. The increase on the magnetic correlation
length is originated by the increase of the strength of
the magnetic interaction, which is a direct consequence
of the increase in the Fe content. To sum up, the SANS
capability of correlating magnetic intensities with par-
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