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Abstract
Exchange bias has been extensively studied in both exchange-coupled thin films and nanoparticle composite systems. How-
ever, the role of non-exchange mechanisms in the overall hysteresis loop bias is far from being understood. Here, dense 
soft-hard binary nanoparticle composites are used not only as a novel tool to unravel the effect of dipolar interactions on the 
hysteresis loop shift but also as a new strategy to enhance the bias of any magnet exhibiting an asymmetric magnetization 
reversal. Mixtures of equally sized, 6.8 nm, soft maghemite (γ-Fe2O3) nanoparticles (no bias—symmetric reversal) and hard 
cobalt doped γ-Fe2O3 nanoparticles (large exchange bias—asymmetric reversal) reveal that, for certain fractions of soft 
particles, the loop shift of the composite can be significantly larger than the exchange-bias field of the hard particles in the 
mixture. Simple calculations indicate how this emerging phenomenon can be further enhanced by optimizing the parameters 
of the hard particles (coercivity and loop asymmetry). In addition, the existence of a dipolar-induced loop shift (“dipolar 
bias”) is demonstrated both experimentally and theoretically, where, for example, a bias is induced in the initially unbiased 
γ-Fe2O3 nanoparticles due to the dipolar interaction with the exchange-biased hard nanoparticles. These results open a new 
paradigm in the large field of hysteresis bias and pave the way for novel approaches to tune loop shifts in magnetic hybrid 
systems beyond interface exchange coupling.
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1  Introduction

Exchange bias usually refers to the shift of the hysteresis 
loop in the field axis in exchange-coupled ferromagnetic/
antiferromagnetic systems. Other related effects, like coer-
civity enhancement, high order anisotropies, or asymmet-
ric reversal, are typically observed in these systems [1–3]. 
Such effects have been extensively studied in thin films 
due to the intriguing fundamental properties and their 
key role in many spintronic devices [2, 4–11]. Similarly, 
exchange bias in exchange-coupled core/shell nanoparti-
cles is attracting a great deal of interest [2, 12, 13] due 
both to its novel basic properties and to the broad range of 
potential applications (e.g., magnetic recording, permanent 
magnets, or magnetic hyperthermia, among others) [2, 
11–18]. The origin of the exchange bias effect is custom-
arily ascribed to interface exchange-coupling between fer-
romagnetic and antiferromagnetic counterparts, although 
it is not limited to this type of systems as this effect has 
been also reported in ferromagnetic/spin glass systems 
[19], chemically homogeneous nanoparticles [20], or fer-
rimagnetic/antiferromagnetic systems [21], among others 
[2, 22]. However, not all horizontal hysteresis loop shifts 
are caused by (interfacial) exchange-coupling, and there-
fore, the term “exchange bias” becomes an inappropriate 
metonym to refer to different types of loop shifts.

For example, dipolar interactions have recently been 
shown to play a critical role in certain multilayer systems, 
namely, in the long-range “exchange bias” in ferromag-
netic-antiferromagnetic heterostructures separated by 
non-magnetic layers [23, 24]. In addition, dipolar-induced 
exchange-bias-like effects have been described in pseudo-
spin valve like structures, i.e., hard and soft ferromagnetic 
layers separated by a non-magnetic layer [25, 26]. Similar 
effects have also been observed in hard/soft nanostructured 
hybrid systems [27]. However, in essence, most of these 
effects are artifacts due to minor loops effects; namely, 
the applied field is insufficient to saturate the magneti-
cally hard component of the system. Nevertheless, in dense 
assemblies of core/shell nanoparticles, it has been sug-
gested both theoretically and experimentally that strong 
dipolar interactions may indeed lead to the modulation of 
exchange bias properties [28–32], but only for relatively 
weak exchange bias fields. In fact, other effects apart from 
dipolar interactions, like competing anisotropies [33] or 
Dzyaloshinskii-Moriya interactions (recently reported by 
Han et al. [34], Lü et al. [35] and Castillo-Sepúlveda et al. 
[36]), can also lead to loop shifts unrelated to interface 
exchange coupling.

In this framework, it is appealing to combine parti-
cles (whose properties can be individually tuned) into 
magnetic composites searching for an enhanced overall 

bias. Besides, such composites are promising to elucidate 
the nature of diverse effects, particularly those resulting 
from interparticle dipolar interactions, the topic of recent 
experimental and theoretical efforts [37–39]. In this con-
text, engineering homogeneous binary dense assemblies 
of highly uniform nanoparticles offers a simple and con-
trolled scenario to explore different parameters in the 
resulting loop shifts [40]. Compact nanoparticle systems, 
created by simply compressing two different types of nan-
oparticles with distinct properties, offer a straightforward 
approach to leverage interactions between the constituents 
for a synergistic enhancement of a specific performance 
metric in novel hybrid composites [41–43]. In the quest 
to develop advanced composites, magnetic heterogeneity 
and interfacial interactions open new possibilities in the 
search of superior performances in applications such as 
electromagnetic wave shielding/absorption [44–46]. In the 
present study, we exploit binary magnetic nanocompos-
ites as a tool to investigate two novel types of bias effects 
beyond exchange-coupling. Specifically, we investigate 
composites comprising two different types of iron oxide-
based nanoparticles—common ferrimagnetic materials 
widely used in nanoscience [47–49]—with very differ-
ent magnetic anisotropy, seeking synergies between their 
respective hard and soft properties. These nanoparticles 
not only enable the mentioned synergy, but their well-
known synthesis procedure yields monodisperse particles, 
making the composites ideal systems for studying mag-
netic properties [40]. Such composites are obtained by a 
dry compaction process of the nanoparticles previously 
mixed in the liquid phase, a technique that could easily be 
scaled up to for industrial purposes [50].

Here, we firstly and most surprisingly demonstrate that 
if one of the composite constituents exhibits an asymmetric 
reversal, the overall loop may exhibit an enhanced loop shift 
and use computational simulations to show how to optimize 
this effect. Secondly, we establish that a hysteresis bias can 
be induced in an initially unbiased component purely by 
dipolar interactions even in properly saturated systems (i.e., 
excluding minor loop artifacts).

2 � Methods

2.1 � Experimental details

Two sets of nanoparticles were synthesized using an opti-
mized thermal decomposition route [20, 40]: γ-Fe2O3 
(maghemite) and cobalt-doped γ-Fe2O3 (with a Co:Fe 
ratio = 1:5), with an average diameter of dTEM = 6.8 ± 0.6 nm; 
sew Fig. 1a, b. For the synthesis of 6.8 nm γ-Fe2O3 nanopar-
ticles, 2.19 g of oleic acid (7.75 mmol, 1.7 eq) and 30 mL 
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of dioctyl ether were added into a two-neck Schlenk flask. 
After removing water and oxygen under high vacuum, 
0.6 mL of Fe(CO)5 (4.56 mmol, 1 eq) was injected into the 
solution under Ar and heated at 100 °C for 20 min. Sub-
sequently, the solution was further heated to 300 °C at a 
rate of 4 °C/min under Ar and then refluxed at 300 °C for 
90 min. The solution turned black with formation of nano-
particles from decomposition of Fe-oleic acid complexes. 
The reaction solution was cooled to 60 °C, and 1.02 g of 
anhydrous (CH3)3NO (13.6 mmol) was added to the solu-
tion. The resulting mixture was heated at 120 °C for 1 h and 
then heated to 290 °C at a ramping rate of 4 °C/min. The 
solution was heated at 290 °C for 1 h and then cooled down 
to room temperature. Oleic acid-modified nanoparticles were 
collected by centrifuge through precipitation with addition 
of acetone. The collected nanoparticles were dispersed in 
n-hexane and then precipitated again by adding acetone to 
remove the excess oleic acid.

For the synthesis of the 6.8 nm cobalt-doped γ-Fe2O3 
nanoparticles, the same procedure used for 6.8 nm γ-Fe2O3 
nanoparticles was followed, except that 0.5 mL of Fe(CO)5 
(3.8 mmol) and 0.13 g of Co2(CO)8 were added to a two-
neck Schlenk flask with oleic acid and octyl ether. During 
heating, both the metal precursors formed complexes with 
oleic acid giving a homogeneous solution and decomposed 
to yield nanoparticles at 300 °C.

The two sets of nanoparticles were mixed in different pro-
portions while still in liquid solution to ensure a homogene-
ous mixing as already proved elsewhere [40]. The mixed 
solutions of nanoparticles were washed repeatedly in acetone 
after centrifugation to remove the coating (oleic acid). A 
representative compositional EDX mapping of the nanocom-
posite, confirming the homogeneity, can be found in the Sup-
plementary Section 1. Thermogravimetric analysis shows 
that an organic residue of only ~ 5%w remains bound to the 
nanoparticles. The suspension was dried and the resulting 
powders compacted uniaxially using around 0.8 GPa during 

30 s, which is known to yield dense discs with about 60% in 
packing fraction [51]. The samples are denoted as Mx, where 
x (= 0, 15, 35, 50, 70, 80, 90 or 100%) is the proportion of 
soft particles.

A Quantum Design MPMS Evercool SQUID mag-
netometer was employed for the magnetic characterization. 
Hysteresis loops were obtained at T = 5 K after cooling 
down from room temperature both in zero field and in an 
applied magnetic field of 50 kOe, which is also the maxi-
mum applied field for the hysteresis loops. To confirm the 
results, additional hysteresis loops for the low x samples 
(with larger saturation field) were performed after cooling 
down from room temperature in a 90 kOe applied field using 
a Quantum Design Physical Property Measurement System 
(PPMS). The same trends are obtained using 90 kOe loops 
as 50 kOe loops (Supplementary Section 2). Moreover, the 
hystersis loops with 90 kOe maximum field allow to rule out 
any "minor loop" effects (Supplementary Fig. 3) [52]. The 
temperature dependent magnetization curves were recorded 
after cooling in zero field (ZFC) and in a 5 Oe magnetic field 
(FC) using the SQUID magnetometer. Note that the M axis 
is normalized to its value at the maximum of the ZFC peak. 
This normalization approach helps to better understand the 
differences (ratios) between the ZFC and FC states across 
different samples, whether they are interacting or non-inter-
acting [53].

The independent magnetic parameters of the soft and 
hard components in the mixtures were obtained by fitting the 
experimental loops with a modified Stearn and Cheng model 
(Eqs. (1) and (2)) [54]. The fitting procedure was optimized 
by refining step-by-step the parameters, starting with the 
field and squareness values extracted from the end members 
(M0 and M100) as initial conditions, and using the calcu-
lated MS and � from the experimental Mx loops. As a gen-
eral approach, three sets of parameters (field-, squareness-, 
and magnetization-related variables) were refined indepen-
dently at the beginning, as a means to overcome undesired 

-Fe2O3

a

Co-doped -Fe2O3

b

M50 compact

c20 nm

Fig. 1   Electron microscopy images of the hard and soft nanoparticles, 
and the M50 compact. a Transmission electron microscopy (TEM) 
images of the γ-Fe2O3 and b Co-doped γ-Fe2O3 particles (both 
6.8  nm in diameter) used to make all the Mx samples. c High-res-

olution scanning electron microscopy (HR-SEM) image of the M50 
compact. The scale bar corresponds to 20 nm, and it is the same for 
the three panels
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effects due to inter-parameter correlation. Particularly, the 
field-dependent parameters (coercivity and global bias) and 
the squareness of the soft (symmetric) and hard (asymmet-
ric) loops were found to be strongly correlated, when the soft 
particle fraction is below 50%, hinting at possible fluctua-
tions due to the observed mathematical effect. To prevent 
such fluctuations, the squareness parameters ( Shard,left and 
Shard,right for the hard component and Ssoft for the soft one) 
were constrained so as not to significantly depart from those 
of M0 and M100 (Supplementary Section 3).

2.2 � Monte carlo simulations

Monte Carlo simulations of the saturated hysteresis loops 
were carried out using the mesoscopic three-spin model 
to take into account core/surface morphology, for parti-
cles interacting with dipole–dipole interactions [55]. We 
simulated dense assemblies of spherical nanoparticles with 
diameter d = 6.8 nm, and particle concentration c = 60%, ran-
domly placed at the nodes of a simple cubic lattice with lat-
tice characteristic lengths Lx, Ly, Lz with Lx = Ly = Lz = 10α. 
The parameter α is defined as the smallest inter-particle dis-
tance equal to the particle diameter. Each particle is rep-
resented by three nearest-neighbor Heisenberg interacting 
spins (s1,s2,s3), one for the core and two for the surface. The 
energy of the system in Eq. (1) includes the intra-particle 
exchange coupling interactions between the three spins at 
each particle, the core and the surface anisotropy energy 
terms, the inter-particle dipolar energy term and the Zee-
man energy.

The parameters used in the simulations were extracted 
from bulk values of maghemite and CoFe2O4 as described 
in reference [40]. Namely, the mesoscopic uniaxial core and 
surface anisotropy constants for the soft particles were esti-
mated to be KS_core = 0.17 and KS_surface = 15 and KH_core = 50 
and KH_surface = 150 for the hard particles, with anisotropy axes 
(ê1 ê2 ê3) randomly oriented. The surface anisotropy is con-
sidered to be larger than the core anisotropy due to surface 
effects, i.e., increased spin canting (ref. [40] for details). The 
same mesoscopic exchange coupling constants have been used 
for the hard and soft particles for the core-surface (jc1 =  − 6.4, 
jc2 = 3.8) and surface–surface (jsurface =  − 0.5) spin exchange 
interactions since the corresponding experimental atomic 
exchange coupling constants of maghemite and Co-ferrite are 
rather similar [40]. Dij is the dipolar interaction tensor. The 
dipolar strength is defined as g = μ0(MsV)2/4πd3kBT (T = 10 K) 
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where Ms and V are the experimental values of the saturation 
magnetization and the volume of each particle and V1,V2,V3 
the corresponding volume for each sublattice region found in 
reference [40]. The dipolar strength g1 is taken as 13.7 for the 
pairs of γ-Fe2O3 nanoparticles and g2 = 8.4 for the pairs of Co-
doped nanoparticles. For the interaction between maghemite 
and Co-doped nanoparticles, we set a mean dipolar strength 
g12 = c1·g1 + c2·g2 where c1 and c2 are the soft nanoparticle 
and the hard nanoparticle concentrations, respectively (cor-
responding to g12 = 9.2, 10.3, 11.1, 12.1, 12.6, and 13.2 for 
c1 = 15%, 35%, 50%, 70%, 80%, and 90%, respectively). In the 
dipolar energy term, we introduce also a weight to each mac-
rospin (m1 m2 m3) to account for the distribution of the volume 
saturation magnetizations in each region (core, surface) inside 
the particle. The mesoscopic energy parameters are normal-
ized to the thermal energy kBT (at temperature T = 10 K) to 
be dimensionless. Next, in order to investigate the effect of 
the strength of the anisotropy of the particles on the observed 
bias behavior, we have first modified the soft particle core 
(KS_core = 0.09 or 0.35) and surface anisotropy (KS_surface = 10 
or 30), then the hard particle core (KH_core = 25 or 80) and 
surface anisotropy (KH_surface = 100 or 160). Also the effect of 
the dipolar strength of the soft (g1 = 12.33 or 15.07) and hard 
particles (g2 = 7.56 or 9.24) on the bias behavior have been 
studied. Note that care was taken to use maximum fields in the 
simulations sufficient to saturate the hysteresis loops.

3 � Results and discussion

Two types of equally sized (6.8 ± 0.6 nm) particles were pre-
pared: γ-Fe2O3 nanoparticles (hereon described as “low ani-
sotropy” or “soft”) and cobalt doped γ-Fe2O3 nanoparticles 
(“high anisotropy” or “hard”). See Fig. 1a, b and “Methods”.

Although at low temperatures the isolated (non-inter-
acting) particles of both systems show a roughly similar 
saturation magnetization (MS), they exhibit very different 
blocking temperature, TB, and low temperature coercivity, 
HC, as can be seen in Supplementary Section 4. In these 
reference samples, the isolation/dilution of the magnetic 
particles was efficiently guaranteed by coating with a thick 
SiO2 shell (serving as spacer in pressed powders) a frac-
tion of the particles from the corresponding batches [20, 
56]. The difference in TB and HC between both types of 
particles indicates that Co doping induces an increase of 
anisotropy. Crucially for this work, while the γ-Fe2O3 nan-
oparticles exhibit zero loop shift (i.e., no exchange bias), 
the Co-doped particles show a sizable exchange-bias field, 
i.e., a horizontal shift, of HEB = 1.20 kOe at 5 K. Virtually, 
no difference between the positive and negative MS (less 
than 1% of MS) is found, as further evidence of a prop-
erly saturated system [57, 58]. The precise origin of the 
exchange-bias in the hard particles (an intraparticle effect) 
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is irrelevant for this study, nonetheless we have included 
a preliminary discussion in the Supplementary Section 5, 
where the existence of phase segregation in these parti-
cles is ruled out by EELS spectroscopy (see Fig. 8 in that 
Supplementary Section) and presence of a certain degree 
of disorder (XRD analysis in Supplementary Section 5) 
is suggested as the origin of the exchange bias [20, 40, 
59–64]. Dense composites made of a single type of par-
ticles (with no silica coating) produce a large increase of 
TB due to interparticle dipolar interactions (Supplemen-
tary Section 4) [53], which, however, barely affect the 
exchange-bias of the individual particles (from 1.20 in 
the reference system to 1.28 kOe in the disc made of bare 
Co-doped particles, see Supplementary Section 4). In fact, 
this small variation may be driven by subtle changes in the 
nanoparticle surface upon growing the SiO2 layer [20].

In the following, to avoid any confusion, we will call 
“exchange bias,” HEB, to the loop shifts that unambiguously 
stem from interface exchange coupling, an intraparticle 
effect, whereas the more general term “bias,” HB, will be 
used for loop shifts caused by a combination of the different 
mechanisms discussed here. All hysteresis loops were meas-
ured at T = 5 K after cooling in 50 kOe. All measurements 
were also conducted using fields beyond the anisotropy field, 
as reported in the Supplementary Section 2, to exclude the 
possibility of any minor-loop effects.

As the soft particle content in the mixtures increases sev-
eral effects take place, the most prominent being a change in 
the shape of the hysteresis loop, from a simple form in the 
pure samples (M0 and M100) to a “double loop” shape in the 
mixed systems (Fig. 2 and Supplementary Section 6). This 
reflects a relatively weak hard-soft interparticle coupling 
(given the high anisotropy contrast between them) despite 
the relatively strong dipolar interactions at play [65, 66], 
which, as expected, leads to a strong monotonic reduction 
in the global HC of the mixtures with increasing x (Fig. 3a). 
Remarkably, in contrast to HC, the horizontal shift of the 
loop has a non-monotonic behavior, exhibiting a maximum 
at x = 15% before decreasing for larger contents of soft parti-
cles (Fig. 3b). Thus, for moderate amounts of soft particles, 
the global bias HB of the composites is surprisingly larger 
than the exchange bias HEB of the single-phased Co-doped 
sample (M0), despite the soft particles exhibiting perfectly 
centered loops (no bias).

In order to safely establish this unexpected enhance-
ment in bias (shaped by just one experimental datapoint 
in Fig. 3a), and given the weak soft-hard coupling evi-
denced by the measured double-loops, “superposition 
loops” were obtained by simply adding the experimen-
tal loops of the single-phase samples M100 (soft) and 
M0 (hard), i.e., as (softloop)(x) + (hardloop)(1 − x) , in the 
whole soft-hard proportion range. The coercivity and 
bias extracted from these superpositions was added to 

Fig. 3a, b (red circles), where it can be seen that the over-
all trends with x of both HC and HB in the experimental 
and superposition loops are similar, supporting the claim 
of non-monotonic behavior. In particular, the superpo-
sition loops evidence a significant bias enhancement of 
25% for x = 23% (Fig. 3b), demonstrating a ‘mathemati-
cal’ origin for this effect, namely, that the addition of 
certain differently-shaped loops may give rise to a sizable 
horizontal shift ( HB) . A close inspection of the loop of the 
hard particles reveals that their magnetization reversal is 
not completely symmetric, namely the squareness of the 
descending (Shard,left) and ascending (Shard,right) branches 
of the loop are different (see Supplementary Section 7). 
Asymmetric reversal is usually found in systems with 
competing anisotropies [67], and in our case, we ascribe 
it to the spin disorder in the Co-doped nanoparticles (see 
Supplementary Section 5). To quantify the asymmetry in 
the reversal of the hard particles, each of the branches of 
the was fitted to a Stearns and Cheng functions (a rela-
tively simple empirical model [54]).

where the ± symbol indicates the different signs used in 
the ascending (right) and descending (left) branches of 
the loops,  � is a high-field susceptibility (see “Methods”), 
and HEB,hard ± HC,hard were fixed to the measured values. 
The resulting squareness parameters of the hard phase are 

(2)

M±(H) =
2

�
MS,hardatan[(

H + HEB,hard ± HC,hard

HC,hard

)tan(
�Shard,±

2
)] + �H

Fig. 2   Hysteresis loops of the Mx nanocomposites. Low-field region 
of the hysteresis loops measured at 5 K in selected Mx systems after 
field cooling in 50 kOe. The dashed lines near the origin mark the 
center of the loops (bias field, HB). See Supplementary Section 6 for 
the loops of all the samples
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Shard,left = 0.65 , and Shard,right = 0.56 , i.e., yielding an “asym-
metry ratio” Shard,right∕Shard,left = 0.86 ). It is this asymmetry 
in the hard loop which literally shifts the overall loop upon 
adding a soft component, even when superposing two unbi-
ased loops (see below), as schematized in Fig. 4a.

Once the asymmetric reversal of the hard loop was stab-
lished as the origin of the bias enhancement in Fig. 3b, we 
investigated the optimization/sensitivity of the effect to the 
coercivity and asymmetry ratio of the hard component in 
a given soft-hard mixture. To this purpose, a full array of 
superposition loops was obtained using the experimental 
loop for the soft particles (unshifted and symmetric, i.e., 
with Ssoft,right = Ssoft,left = Ssoft = 0.32) and hard loops simu-
lated with different degrees of asymmetric reversal (i.e., 
different Shard,right/Shard,left ratios, keeping Shard,left fixed at 
0.65) and coercivity (HC,hard). For clarity and to highlight 
the role of the reversal asymmetry in the hard component, 
its exchange-bias was set to zero [HEB, hard = 0 in Eq. (2)]. For 

each combination of Shard,right/Shard,left and HC,hard, superpo-
sition loops were calculated across the whole range of soft 
particles concentration, x (thus obtaining a “3D array” of 
loops), and the loop bias HB was extracted. Shown in the 
inset of Fig. 4b is an example for the case x = 28%, Shard,right
/Shard,left = 0.86 and HC,hard = 12 kOe (the two latter param-
eters corresponding to the experimental Co-doped magh-
emite loop). It can be clearly seen that despite the absence 
of exchange bias in both these soft and hard loops, their 
superposition generates a strong shift of HB = 860 Oe. It is 
then the addition of the hard, asymmetric loop and the sym-
metric soft loop that produces the loop shift in contrast with 
the typical interfacial effects.

As can be seen in Fig. 4b, the asymmetry-driven bias of 
the superposition loops peaks at Hmax

B
 at different soft parti-

cle proportions (xmax) depending on the asymmetry ratio (S
hard,right/Shard,left) due to the shape of the overall loop. In the 
same figure, the maximum attained bias obtained for a given 
asymmetry and the inverse value are different. This fact may 
seem surprising if one considers how the loops were con-
structed from the Stearns and Cheng model. However, the 
simulation considers a fixed squareness for the left branch of 
the hard loop and sweeps the squareness of the right branch 
to satisfy the desired asymmetry ratio; thus, the two loops 
are not related even if their asymmetry ratios are.

The results for Hmax
B

 over a large Shard,right/Shard,left and 
HC,hard range, Hmax

B

(

Shard,right

Shard,left

;HC,hard

)

 , are conveniently plot-
ted as a contour plot in Fig. 4c. The plot, with its white verti-
cal ridge at Shard,right/Shard,left = 1, serves to remark that the 
asymmetry-generated bias appears in all superpositions (see 
Supplementary Section 8), even if the constituent soft and 
hard loops are unbiased on their own. Note that loop shifts 
of several kOe can be obtained for realistically large Shard,right
/Shard,left and HC,hard values. As expected, for a given asym-
metry ratio, the bias enhancement increases with the hard 
loop coercivity (see also Supplementary Section 8). It is 
therefore the combination of both parameters that generates 
bias upon the introduction of a soft unbiased loop. In short, 
the results clearly indicate that the enhanced bias observed 
experimentally in the binary mixtures (Fig. 3b) arises from 
the shape asymmetry of the magnetization curves of the hard 
phase ( Shard,right∕Shard,left ≠ 1 ), and not from its horizontal 
shift. Note that, as probed by the contour plot in Fig. 4c, this 
effect could be universally exploited in any soft-hard binary 
system (e.g., even in thin film multilayers) to increase or 
adjust the overall bias of the ensemble as long as one of the 
moieties exhibits an asymmetric loop and they are weakly-
coupled; i.e., they have a sizable difference in their magnetic 
anisotropy.

Back to Fig. 3, although the parameters extracted from the 
experimental and the superposition loops follow similar trends 
with the soft-hard nanoparticle proportion x, marked 

Fig. 3   Bias and coercivity of the binary nanocomposites. Dependence 
on the concentration of soft particles of a the coercivity, HC, and b 
the bias field, HB, extracted from the loops measured at 5  K in the 
dense mixtures (Experimental) and from the weighted superposition 
of the end members (pure maghemite and Co-doped maghemite) 
loops (Superposition). The inset in a shows the low-field region of the 
experimental (sample M50) and superposition loops for x = 50
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differences exist between them for the central samples of the 
series (see difference plots of Fig. 11 in Supplementary Sec-
tion 6). Consequently, besides the asymmetry effect described 
above (an “additive” effect which do not require interparticle 
interactions), there must be an additional mechanism arising 
from the dipolar interactions between the particles in our uni-
form dense mixtures. It is unlikely that the dipolar interactions 
in our system, quantif ied by the temperature 

Tdd =
𝜇0

4𝜋kB

M2

S
V𝜑 ≫ 50K (with kB the Boltzmann constant, MS 

the saturation magnetization, V the particle volume, and � the 
particle packing fraction) for either soft–soft, hard-hard, and 
soft-hard combination [53], may affect significantly the strong 
intraparticle exchange-coupling (and therefore the exchange 
bias) of the Co-doped particles, the latter having a much larger 
associated energy [30]. In other words, the ratio Tex∕Tdd (where 

a

b

No loop
shift

M

H

M

H

Shard,left= 0.9

Shard,right= 0.9

Shard,left= 0.9

Shard,right= 0.85

Loop shift

Superposition

c

Fig. 4   Numerical investigation of asymmetry-induced bias in binary 
systems of unbiased soft and hard particles. a Schematic representa-
tion of the hard loop asymmetry-driven generation of bias in soft-
hard binary nanocomposites. Note that neither the hard nor the soft 
loops (left hand side) are shifted. The shift of the superposition loop 
(bottom right) has been exaggerated for clarity. b Global bias, HB, for 
different hard loop asymmetries [in the range Shard,right∕Shard,left = 0.7 
to 1.43 (= 1/0.7)] and HC,hard = “12kOe” as a function of soft content. 
The thick blue curve corresponds to our experimental series 
( Shard,right∕Shard,left = 0.86 ) after the removal of the hard loop 
exchange-bias. The inset shows the loop simulated for xmax = 28% in 

such series, where the dashed vertical line marks Hmax
B

 , the peak value 
in the blue curve of the main panel. c Contour plot exploring the 
combined influence of the hard loop asymmetry and coercivity on the 
global Hmax

B
 of each concentration series. The position indicated by 

the blue point (at the intersection of the dotted lines) corresponds to 
the superposition in the inset of panel b. The dashed vertical line cor-
responds to symmetric loops, Shard,right

Shard,left

= 1 , which yields no bias, Hmax
B

 
= 0. Note that, for clarity, in panels b and c positive values of HB cor-
respond to right-shifted loops while negative values correspond to 
left-shifted loops (in contrast to the convention used in the rest of the 
article)
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the temperature Tex is proportional to the exchange-coupling 
energy at the interface; Eex = HEBVFiMMS [2]) is rather large 
for small particles such as those studied here. The exchange 
stiffness constant Aex for the corresponding ferrites (~10−12) 
[68] is two orders of magnitude larger than the dipolar stiffness 
Adip extracted from a random anisotropy model (~10−14) of the 
present systems [40], confirming that the exchange energies 
involved are much higher [69, 70]. Indeed, a bibliographic 
study presented in the SI (Supplementary Section 9) shows that 
Tex

Tdd

≫∼ 1 in all the nanocomposites considered except those 
exhibiting very low exchange bias fields [30, 53, 71, 72].

Thus, it is more likely that the strong dipolar interactions 
between the two types of particles are mutually influenc-
ing the magnetic response of each population and therefore 
the overall magnetization loop. In this way, the hard parti-
cles will “pin” or delay the switching of the softer particles, 
and vice versa, which in turn determine the coercivity and 
loop shift of each population. Since the reversal of the hard 

particles is strongly biased, the pinning effect in the reversal 
of the soft particles will be correspondingly biased, lead-
ing to a dipolar-induced loop shift in the soft particles as 
illustrated in Figs. 5 and 6. In Fig. 5a, we analyze the largest 
horizontal separation between the experimental and super-
position loops in the low field region (i.e., near the constric-
tion caused by the soft particle reversal). Such distance is 
larger in the left than in the right branch, which suggests 
a biased response of the soft particles. Figure 5b plots the 
difference between the “left” and “right” separations as a 
function of the soft particle concentration, which decreases 
upon reducing the content of hard particles, thus lending 
support to the previous statement.

To further test the idea of a dipolar transfer of bias to the 
soft particles, the experimental hysteresis loops measured in 
the mixtures were fitted to a double Stearn-Cheng function 
comprising soft and hard components and allowing indi-
vidual bias for both of them.

(3)M±(H) =
2

�
MS,softatan[(

H + HB,soft ± HC,soft

HC,soft

)tan(
�Ssoft

2
)] +

2

�
MS,hardatan[(

H + HB,hard ± HC,hard

HC,hard

)tan(
�Shard,±

2
)] + �H

Fig. 5   Analysis of the constriction in the hysteresis loops of the 
binary nanocomposites. a Low-field region of the experimental 
(M15) and superposition hysteresis loops for x = 15%. The blue 
arrows indicate the maximum separation in the field axis between the 
experimental and superposition loops in both the descending (left) 

and ascending (right) branches, indicating the effect of dipolar inter-
actions in the reversal of the soft particles. b Concentration depend-
ence of the difference between those two distances, quantifying the 
“dipolar bias” transferred to the soft particles

This model factors in the asymmetric reversal of the hard 
loop, thus decoupling the mathematical effect described 
above from a possible dipolar-induced bias effect. An 
example of such a fit is given in Supplementary Section 3. 
The HB values obtained for the hard and soft particles 
( HB,hard and HB,soft , respectively) as a function of x confirm 
the mutual influence between the two particle populations 
(Fig. 6a). Focusing on the initially unbiased soft particles, 
the results indicate the appearance of a “dipolar bias” in their 

magnetization reversal which increases, as expected, with 
the concentration of hard particles. This trend is analogous 
to that plotted in Fig. 5b, hence establishing the appearance 
of “dipolar bias” in the magnetization reversal of the soft 
nanoparticles in the mixtures. Conversely, the soft particles 
represent a dragging force favoring the field-alignment of 
the hard particles moments, which leads to the reduction of 
both their coercivity (see Supplementary Section 3 and ref. 
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[40]) and loop shift for soft particle concentration x > 50% 
(Fig. 6a).

This finding, which constitutes the foremost demonstra-
tion of “dipolar bias” in a nanoparticle system, prompted a 
Monte Carlo study to further emphasize the role of dipolar 
interactions, since these simulations allow a straightforward 
separation of the magnetization reversal of the two popula-
tions. The results show precisely the same trends in both 
the soft and hard particles as those observed experimen-
tally (Fig. 6b, filled symbols). Importantly, the simulations 
show that the results are similar independently of the chosen 
parameters, indicative of a robust effect (see Supplemen-
tary Section 10). Moreover, in the Monte Carlo simulations, 
dipolar interactions can be deactivated ad hoc. As can be 
seen in Fig. 6b (empty symbols), when dipolar interactions 
between all particles are switched off (g1 = g2 = g12 = 0), the 
bias of the soft particles remains zero for all concentrations, 
while HB for the hard particles remains constant for all x, 
thus providing further confirmation of dipolar interactions 
as the origin of the bias induced in the soft particles derived 
above from the fitting of the experimental loops.

It is important to emphasize that the novel phenomena 
we describe in the binary mixtures do not depend on the 
chemical composition, i.e., the choice of nanoparticles, 
or the origin of the exchange bias (or of the asymmetry) 
of the hard particles. They are robust mechanisms relying 
solely on the existence of asymmetry or (in the case of 
dipolar transfer of bias to the soft particles) exchange bias 
in the hard nanoparticles, whatever their origin. Addition-
ally, note that while the asymmetry-induced bias is inde-
pendent of the particle size and magnetization or the pack-
ing fraction, the dipolar bias will be strongly influenced 
by these parameters. Namely, these parameters govern the 

magnetostatic interactions between the particles, where 
the dipolar interactions become stronger when the size 
(and in turn the magnetization) increases. In this sense, 
a high packing fraction of the nanocomposite (as the one 
reported here) is vital to have a sizable dipolar bias as 
well as a highly homogeneous mixing, which maximizes 
the number of soft-hard neighbors and thus the dipolar 
transfer of bias.

To conclude, using binary dense nanocomposites has 
been shown to be instrumental to uncover two new sources 
of bias (i.e., hysteresis loop shift) different from the usual 
interface exchange-coupling. Dipolar interactions induce 
a hysteresis bias (labeled “dipolar bias”) in the originally 
unbiased component (pure soft γ-Fe2O3 nanoparticles) due 
to their coupling with their exchange-biased hard Co-doped 
γ-Fe2O3 neighbors, which act as pinning centers. Impor-
tantly, the uniform mixing of nanoparticles in dense com-
posites has been shown to double the effective bias of the 
ensemble with respect to the simple addition (superposition) 
of the same components. The second source of bias in soft-
hard mixtures, responsible for an unexpected increase in the 
binary system bias, results from the addition of soft parti-
cles (not necessarily interspersed) to hard particles with an 
asymmetric magnetization reversal. Remarkably, it has been 
shown that neither interparticle interactions nor individual 
exchange bias (in the constituent particles) are necessary 
for the creation of bias in such soft-hard binary nanocom-
posites; a certain reversal asymmetry in the hard loop is 
sufficient to induce this novel effect when combined with 
a soft component. Such asymmetry is typically observed 
in exchange-coupled nanoparticles, whose bias field may 
therefore be readily and significantly increased by adding a 
fraction of soft particles.

Fig. 6   Bias fields of the individual soft ( HB,soft ) and hard ( HB,hard ) 
particles extracted from: a, fitting the hysteresis loops measured in 
dense mixtures. b the Monte Carlo simulations of such mixtures sys-
tems with optimized parameters (filled symbols) and after switching 

off the dipolar interactions between the particles, i.e., g12 = g1 = g2 = 0 
(empty symbols). The loop shift values are dimensionless (see 
“Methods”). The dotted and dash lines are guides to the eye
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4 � Conclusions

In summary, our study clearly establishes the existence of 
two new sources of hysteresis bias in binary soft-hard nano-
particle composites, both of them unrelated to the archetypal 
exchange bias arising from interface exchange coupling: (i) 
a “dipolar bias” contribution free from ambiguities due to 
minor-loop artifacts and (ii) a shift resulting from the addi-
tion of soft and asymmetric hard loops, which constitutes a 
novel strategy to enhance the bias of any hard system with 
such asymmetric reversal. Thus, non-exchange bias in binary 
composites sets a new scope in the large field of “exchange 
bias,” i.e., a new tool to understand, optimize, and possibly 
exploit these “non-exchange bias” effects in the future.
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