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Abstract
A method is presented that allows quantifying the average value of the interaction field in arrays of magnetic nanowires
from the field difference between the isothermal remanence (IRM) and the DC demagnetizing (DCD) remanence curves
when the normalized magnetization is equal to one third. Arrays of magnetic nanowires of different diameters and packing
fractions are used to experimentally test the method. The results have been compared with those obtained using the method
based on the difference between the remanence coercivity fields and with a mean-field expression for the interaction field,
providing a very good agreement and thus validating the method. Additionally, it is shown that both the position (m0) and
the shift along the magnetization axis of the intersection between the remanence curves with respect to the value of one third
(δm = m0 − 1/3) provide qualitative information about the interaction field. The former indicates the type of interaction
depending if the intersection is above (m0 > 1/3) or below (m0 < 1/3), which corresponds to a ferro or anti-ferro magnetic
interaction, respectively. While for the latter, it is shown that the maximum deviation of the Delta-M plot from zero (�Mmax)
corresponds to three times the shift (�Mmax = 3δm).
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1 Introduction

Assemblies or arrays made of magnetic nanostructures have
been and are currently of great interest due to the variety and
complexity of their magnetic properties as well as for their
known technological potential [1, 2]. This type of systems,
include micro and nanoparticle assemblies [3, 4], granular
films [5, 6], composites with magnetic particles dispersed in
a non-magnetic matrix [7], multiferroic composites [8], and
patterned thin films and multilayers [9], whose applications
include magnetic recording materials [9, 10], sensors,
programmable magnonic devices [11], microwave devices
[12], spin torque resonance [13], nanomedicine [14], and
magnetic refrigeration [15].
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The response of these materials to an applied external
field is known to depend on the magnetic properties of each of
the individual particles and also on the interactions between
them [16, 17]. Therefore, interaction effects are of key impor-
tance for tuning the magnetic properties since they contribute
to the total energy of the system and the strength of this
contribution with respect to the self energy of the individual
constituents can drastically change the magnetic properties
[18, 19]. Examples of these effects are the broadening of
the intrinsic switching field distribution [20], frustration in
nanomagnetic artificial spin ice [21], superferromagnetic
collective behavior [22, 23], and heating efficiency in
magnetic cancer hyperthermia [24–28], among others.

Measurement of the interaction field has remained a
difficult problem. The first methods used to gain qualitative
information about the interaction field were the Henkel
and Delta-M plots [29, 30]. More recently, other methods
have provided different approaches that allow quantifying
the interaction field, among these the Delta-H method [31, 32],
FORC diagrams [33–37], the minor loop shift [38], and
ferromagnetic resonance in both saturated [39] as well as
non-saturated states [40] and from the energy barrier shift
[41]. The major difficulty regarding the measurement of
the interaction field is that it cannot be directly measured
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from magnetization curves. In particular, in order to
quantify the interaction field using the remanence curves
and Wohlfarth’s relation, it is necessary to find either
graphical representations or coordinates from which the
difference between the interacting and non-interacting
cases can be determined as field differences and then
establishing relations between these differences and the
magnitude of the interaction field. Henkel and Delta-M
plots, despite their regular use [42–44], can only provide
qualitative information about the interaction field since they
give a graphical description of the interaction effects as
a function of magnetization differences, differences that
cannot be easily related to the interaction field. Besides
graphical representations, the use of specific coordinates
of the remanence curves can also give information about
interaction effects. Corradi and Wohlfarth [45] introduced
the interaction field factor (IFF) defined as the difference
between the fields where the DCD curve is zero (H 0

d ) and
where the IRM curve is 1/2 (H 0.5

r ) normalized by H 0
d . The

use of these fields follows from noting that when there
is no interaction, the Wohlfarth relation requires them to
be equal, but in the interacting case they are different and
the difference can be measured. This quantity is based on
a field difference but due to the normalization by H0, it
is dimensionless, so its magnitude and sign only provide
qualitative information about the interaction field. A later
refinement to this quantity, equivalent to 2 × IFF [46], is
also dimensionless and therefore it cannot provide a field
value for the interaction field. In this sense, a quantitative
determination of the interaction field was reported, which is
based on the same field difference, namely 2 × IFF ×H 0

d [47].
In the present study, it is shown that the field difference

between the IRM and DCD remanence curves at a
normalized magnetization value of m = 1/3 is proportional
to the interaction field. The rationale is based on the fact that
for a non-interacting assembly, Wohlfarth’s relation requires
both remanence curves to intersect at m = 1/3. However,
in the presence of an interaction, the curves intersect at
a different magnetization value resulting in a measurable
field difference at m = 1/3. A simple relation has been
obtained between this field difference and the strength of the
interaction field.This relation has been tested and validated
performing measurements on arrays of magnetic nanowires
(NWs) and comparing the results with those obtained using
the difference between the remanent coercivity fields [47] as
well as with a mean field expression for tall NWs. Finally, it
is shown that from the shift of the normalized magnetization
where both remanence curves intersect with respect to m =
1/3 (δm), it is possible to (a) infer the type of interaction,
e.g, the interaction is ferromagnetic if the intersection is
above m = 1/3 and anti-ferromagnetic if the intersection
is below m = 1/3, and (b) the maximum amplitude of the
Delta-M plot (�Mmax) is shown to be �Mmax = 3δm.

2 Experimental

Ni80Fe20 and Co45Fe55 nanowires have been grown by
electrodeposition into the pores of track-etched Polycarbon-
ate (PC) with a 21 μm thickness (from it4ip S. A.) and
90 μm thick Anodized Alumina Oxide (AAO) membranes
(from Synkera Technologies) [48]. In these templates, the
nanopores are parallel to each other; but in PC membranes,
the pores are randomly ordered while in AAO the pores
are hexagonally ordered. For both membranes, their poros-
ity P is taken as the NW packing fraction. Prior to the
electrodeposition, a Cr/Au layer is evaporated on one side
of the membrane to serve as a cathode. Electrodeposition
was done at room temperature, using a constant potential
measured versus an Ag/AgCl reference electrode and a Pt
working electrode. NiFe was grown at V = −1.0 V from a
5.56 g/l FeSO4+ 131.42 g/l NiSO4 + 30 g/l H3BO3 elec-
trolytic solution. The CoFe samples were grown from a
40 g/l FeSO4+ 80 g/l CoSO4 + 30 g/l H3BO3 solution at a
potential of V = −1.0 V. To assure that all the NWs have
a high aspect ratio, their height was kept to approximately
90% of the membrane thickness for PC and above 50% for
AAO. The details of the nanowire samples considered in the
present study are presented in Table 1.

Room temperature magnetometry measurements were
done using an alternating gradient magnetometer with the
field applied along the wires axes, and both DCD and IRM
remanence curves were normalized to the saturation value
of the IRM remanence curve.

3 Results

3.1 Quantification of the Interaction Field

Figure 1(a) shows the IRM and DCD remanence curves, mr

and md , respectively along with the major hysteresis loop.
The IRM curve, mr , is measured by applying and removing
an increasingly positive field with the sample initially
demagnetized, until the highest remanent magnetization
is attained. When the field is removed after each field
increment, the remanent magnetization is measured along
with the final field value of the corresponding increment.
The DCD curve, md , starts at the highest positive remanence
value after applying and removing a large positive magnetic
field, and by applying and removing an increasingly
negative field, the system is taken to the final state where
remanence has its maximum value but in the negative
direction.

For a non-interacting particle assembly, mr and md

follow the Wohlfarth relation [49],

md = 1 − 2mr, (1)
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Table 1 Material, template,
wire diameter (φ), and
membrane porosity (P ) of the
nanowire arrays used in this
study

Template φ (nm) P (%) α1/3 (Oe) α0 (Oe) αz (Oe) δm �Mmax

CoFe PC 70 0.2 19 20 24 −0.033 −0.098

CoFe PC 35 5.0 626 662 635 −0.127 −0.376

CoFe AAO 18 11 1420 1380 1430 −0.234 −0.700

NiFe PC 50 4.5 210 214 223 −0.143 −0.434

NiFe AAO 18 7.0 325 344 350 −0.159 −0.480

NiFe AAO 35 12 641 604 600 −0.214 −0.630

Values of the interaction field coefficient (α) measured from the shift at m = 1/3 (α1/3), from the remanent
coercivity field difference (α0) and the theoretical value (αz). IRM and DCD intersection shift with respect
to m = 1/3, δm, and the maximum deviation of the Delta-M curve with respect to zero �Mmax

so for a given field value, Hi on mr and −Hi on md ,
both curves should have magnetization values so that md −
[1 − 2mr ] = 0 [30]. To compare them graphically, md is
often plotted as the field-reflected md(−H) so it runs over
positive field values, as shown in Fig. 1(b). If there is no
interaction, md(−H) and the curve 1 − 2mr are identical.
This is shown in Fig. 1(b) or the CoFe NWs with 70 nm
diameter and P = 0.2% which has a very small interaction
field, and as seen from the figure, both curves are almost
identical.

Fig. 1 a IRM and DCD remanence curves, mr and md , respectively
along with the major hysteresis loop for NiFe NWs with 50 nm
diameter and P = 4.5%. b Comparison between the field reflected
DCD curve md(−H) and the curve 1 − 2mr , for the CoFe NWs with
70 nm diameter and P = 0.2%, and c IRM remanence curve, mr , the
DCD curve md , and the field reflected DCD md(−H) corresponding
to the NiFe NWs with 30 nm diameter and P = 12%

As observed in Fig. 1(c), the curves md(−H) and mr

intersect each other. If there is no interaction, it follows from
(1) that these curves intersect at m = 1/3 and H = h1/3.
Several reports have characterized assemblies of particles
with vanishing interaction, where it can be verified that the
remanence curves intersect at m = 1/3 [23, 42, 50, 51].
Since md(−H) is the field-reflected md curve, then the field
value where md = 1/3 is H = −h1/3.

When the particles interact, both remanence curves are
sheared by the interaction field; (1) is no longer valid
and as seen in Fig. 1c, the curves intersect at a different
value of m. To account for this shearing, the usual mean-
field approach used for remanence curves [47] and FORC
diagrams [33–37] is employed. Namely, the magnetization-
dependent interaction field is written as H = αm. Here, α

is the interaction field at saturation where α > 0 implies an
antiferromagnetic interaction and for α < 0 the interaction
is ferromagnetic. Then the total field (HT ), also known as
operative field [35], experienced by a given particle in the
assembly, corresponds to the sum of the applied field (HA)
and the interaction field, which is,

HT = HA + αm (2)

So each point in the M(H) curve is shifted (sheared)
as a result of the sum of the applied and interaction fields.
Regarding the shearing on the remanence curves, consider
the case for an anti-ferromagnetic interaction (α > 0) as
is the case of NW arrays. For the IRM curve, mr > 0 and
all the points in the curve are shifted to higher fields, as
expected from (2). For m = 1/3, the field will be shifted
by α/3 with respect to the field value expected when there
is no interaction, previously defined as h1/3, as indicated
in Fig. 1(c). Then the field value where mr = 1/3 is
H = h1/3 + α/3.

For md = 1/3, the shift is the same, α/3, and since
α > 0 the shift is also done toward more positive fields.
So, as seen in Fig. 1(c), the field value where md = 1/3
is H = −h1/3 + α/3. For the field-reflected DCD curve,
md(−H), the fields change sign and the shearing is done in
the opposite sense, so H = h1/3 − α/3.
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It follows that when m = 1/3, the mr curve is shifted
by H = α/3 toward higher fields, while md(−H) is
shifted by the same quantity but in opposite direction,
toward lower fields, as indicated in Fig. 1(c); so the field
difference between them is �H1/3 = 2(α/3), and therefore
the interaction field can be written as,

α = 3

2
�H1/3 (3)

To test this expression, the field difference �H1/3 has
been determined on all the samples for which the interaction
field coefficient has been obtained. Figure 2 shows the IRM
and the field-reflected DCD remanence curve for the three
CoFe samples in order of increasing packing fraction: (a)
70 nm diameter and P = 0.2%, (b) 35 nm diameter and
P = 5%, and (c) 18 nm diameter and P = 12%. As seen
in the figure, the field difference �H1/3 increases with the

Fig. 2 IRM remanence curve, mr , and the field-reflected DCD
remanence curve md(−H) measured on CoFe NWs with a 70 nm
diameter and P = 0.3% where �H1/3 = 10.8 Oe, b 35 nm diameter
and P = 5% with �H1/3 = 411 Oe, and c 18 nm diameter and
P = 12% and �H1/3 = 944 Oe. In all cases, the horizontal dashed
line corresponds to m = 1/3 and the distance between m = 1/3 and
where the remanence curves intersect is indicated as δm

packing fraction and thus with the strength of the interaction
field. Notice that for the case of a very weak interaction,
Fig. 2(a), the intersection is very close to m = 1/3. In
order to compare the results obtained with this method, the
interaction field coefficient has also been measured using
the difference of the remanent coercivity fields of the IRM
and DCD curves using [47],

α0 = 2(H 0.5
r − H 0

d ) (4)

where H 0.5
r is the field where mr = 1/2 and H 0

d is the
field where md(−H) = 0. The results are listed as α0

in Table 1, from where it can be seen that both methods
provide essentially the same results. This also shows that
both methods provide a measurement of the interaction field
directly from the IRM and DCD curves, which allows to
verify if the measurements are correct.

Moreover, the interaction field coefficient at saturation
(α) for arrays of high aspect ratio NWs has been shown
to correspond to the component along the wire axis of the
magnetization-dependent interaction field, which is given
by [52],

αz = 2πMsP (5)

where Ms is the saturation magnetization of the material.
These values have been calculated for each sample using
Ms = 1900 emu/cm3 for Co45Fe55 and 800 emu/cm3 for
Ni80Fe20 NWs, and the results are shown in Table 1 as αz.
Comparing these results, a very good agreement is found
between the experimental values and those derived from (5),
which further validates (3).

3.2 Qualitative Features of the Intersection
of the Remanence Curves

In this section, it is shown that the coordinate where the
remanence curves intersect provides qualitative information
about the interaction field.

Consider the intersection of the mr and md(−H)

remanence curves, hereafter (h0, m0). For any value of the
interaction different than zero, both curves are sheared so
that m0 �= 1/3 and the difference between these values is,

δm = m0 − 1

3
(6)

If there is no interaction, there is no shearing of the
remanence curves and m0 = 1/3 and δm = 0. Then,
if the interaction is antiferromagnetic, every point in mr

(md(−H)) is shifted to higher (lower) fields, and their
intersection occurs at m0 < 1/3 and δm < 0. Inversely,
if the interaction is ferromagnetic, every point in mr

(md(−H)) is shifted to lower (higher) fields, and the curves
intersect at m0 > 1/3 and and δm > 0. Therefore, the type
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of interaction can be determined from the value of m0 or the
sign of δm, and since the amount of shearing is proportional
to the strength of the interaction field, the value of |δm|
increases with the interaction field. This is seen in Fig. 2
for the CoFe NWs with packing fractions of (a) 0.3%, (b)
5%, and (c) 12%. In all cases, m0 < 1/3 and δm < 0
consistent with an antiferromagnetic interaction. The values
of δm for all the sample are listed in Table 1, where it is
seen that it increases with the interaction field. The fact that
the sign and magnitude of δm are qualitatively related to
the nature and strength of the interaction field suggests that
this quantity is related to the Delta-M plot. Indeed, from
(1), Delta-M is �M = md − [1 − 2mr ] [30], then for
md = mr = m0 and using (6), it follows that �M = 3δm.
This suggests that the maximal deviation of the Delta-M
plot with respect to zero is 3δm. To confirm this, Fig. 3(a)
shows the Delta-M plots of the CoFe NWs with 70 nm
diameter and P = 0.3%, 35 nm diameter and P = 5%, and
18 nm diameter and P = 12% while Fig. 3(b) presents the
same Delta-M plots normalized by the corresponding value
of 3δm. As seen from the figure, normalizing each Delta-M
plot by their corresponding value of 3δm, their amplitudes
become equal. So that the maximum value of the Delta-M
plot is such that �Mmax = 3δm. For reference, the values
of δm and �Mmax are shown in Table 1.

Fig. 3 a Delta-M plots of the CoFe NWs with 70 nm diameter and
P = 0.3%, 35 nm diameter and P = 5% and 18 nm diameter
and P = 12% and b the same Delta-M plots normalized by the
corresponding value of 3δm

4 Discussion

The results show that the value of the interaction field in
NW arrays can be quantified using the remanence curves
and (3). The value delivered by this method corresponds
to the average value of the interaction field coefficient
at saturation (α), which is the same quantity obtained by
other methods that provide a single valued measurement
of the interaction field, such as FORC diagrams [33–37]
or other methods based on the remanence curves [47].
The method has the advantage of using well-established
protocols, the remanence curves, which provide an easy and
rapid approach to quantify the interaction field. Moreover,
as shown above, the results can be further verified
experimentally using (4). Regarding its applicability and
limitations, it is important to underline that the analysis
leading to (3) is solely based on a condition imposed by
the Wohlfarth relation on the IRM and DCD curves for
non-interacting systems. Therefore, it expected to apply to
other particle assemblies provided that certain conditions
are met. In particular, it must be considered that the
Wohlfarth relation is limited to assemblies of either ordered
or disordered uniaxial single-domain particles [49]. Another
restriction on the use of methods based on the Wohlfarth
relation is that they are limited to particle assemblies where
no cooperative effects take place, so it is reasonable to
consider that the effect of the interaction field can be
accurately taken into account as an additive field as in
(2) [53]. These conditions imply that the method applies
to particle assemblies where each particle has a square
hysteresis loop, or approximates an ideal hysteron, capable
of switching irreversibly without altering the magnetic state
of other particles. For NWs, these considerations are valid
for low diameters (<100 nm) which behave as macrospins
[36] and packing fractions bellow 15%.

Finally, the method to quantify the interaction field
using (3) is complementary to other magnetic analysis
tools such as FORC diagrams. These diagrams provide
richer information about particle assemblies and allow
analyzing more complex systems. However, they are based
on a different measuring approach. Specifically, remanence
curves only contain information about irreversible switching
processes, while FORC diagrams are based on recoil
curves which contain information about both reversible
and irreversible switching processes. Therefore, an analysis
combining both methods could provide more insight to the
system under consideration than using only one of these
methods alone.

Regarding the qualitative features of the intersection
between the IRM and DCD remanence curves and
δm, it is important to note that these remain entirely
qualitative. However, they have the advantage of avoiding
the actual construction of the Delta-M plots, since the direct
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analysis of the IRM and DCD plots and the position of
the intersection can show the presence and nature of the
interaction.

5 Conclusion

In conclusion, we have shown that the value of the
interaction field coefficient in NW arrays can be obtained
directly from the normalized IRM and DCD remanence
curves using the field difference between these curves when
the magnetization is equal to one third. Moreover, the
intersection between the remanence curves in interacting
systems provides the same qualitative information about the
interaction as the Delta-M plots while it is also related to
the position and value of the point where the Delta-M plot
is maximum. The method is relevant as it provides a very
simple way to quantify the average value of the interaction
field through the direct use of standard measurements such
as the IRM and DCD remanence curves.
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34. Béron, F., Ménard, D., Yelon, A.: First-order reversal curve
diagrams of magnetic entities with mean interaction field: a phy-
sical analysis perspective. J. Appl. Phys. 103(7), 07D908 (2008)

35. Stancu, A., Pike, C., Stoleriu, L., Postolache, P., Cimpoesu, D.:
Micromagnetic and preisach analysis of the first order reversal
curves (forc) diagram. J. Appl. Phys. 93(10), 6620 (2003)
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Tempfli, M., Darques, M., Elhoussine, F., Michotte, S.: Magnetic
and superconducting nanowires. J. Nanosci. Nanotechnol. 5(3),
372 (2005)

49. Wohlfarth, E.P.: Relations between different modes of acquisition
of the remanent magnetization of ferromagnetic particles. J. Appl.
Phys. 29(3), 595 (1958)

50. Tournus, F., Tamion, A., Hillion, A., Dupuis, V.: Anisotropy
evolution of nanoparticles under annealing: benefits of isothermal
remanent magnetization simulation. J. Magn. Magn. Mater. 419, 1
(2016)

51. Peddis, D., Cannas, C., Piccaluga, G., Agostinelli, E., Fiorani,
D.: Spin-glass-like freezing and enhanced magnetization in
ultra-small CoFe2O4 nanoparticles. Nanotechnology 21, 125705
(2010)

52. Martı́nez-Huerta, J.M., Medina, J.D.L.T., Piraux, L., Encinas, A.:
Configuration dependent demagnetizing field in assemblies of
interacting magnetic particles. J. Phys. Condens. Matter 25(22),
226003 (2013)

53. Skomski, R.: Nanomagnetics. J. Phys. Condens. Matter 15(20),
R841 (2003)


	Quantification of the Interaction Field in Arrays of Magnetic Nanowires from the Remanence Curves
	Abstract
	Abstract
	Introduction
	Experimental
	Results
	Quantification of the Interaction Field
	Qualitative Features of the Intersection of the Remanence Curves

	Discussion
	Conclusion
	Acknowledgements
	Funding Information
	References


