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ABSTRACT
FeMn nanowires have been synthesized by employing DC electro-deposition technique provided with constant stirring during the growth.
The use of anodic aluminum oxide (AAO) templates made it possible to get well aligned nanowires with average diameter around 100 nm.
Magnetic field annealing with field strength of 1 T applied at angle 0○ and 90○ to nanowires axis at different annealing temperatures has been
employed to study the variation in structural and magnetic properties of nanowires. XRD analysis shows poor crystallinity of as-synthesized
arrays but cubic structure with (110) preferred orientation has been resulted after the annealing process. Furthermore, vibrating sample
magnetometer (VSM) has been employed to study the saturation magnetization (Ms), squareness ratio (SQ=Mr/Ms) and coercivity (Hc) of
the as-synthesized and annealed samples. The as deposited and annealed NWs arrays show the coherent rotation for magnetization reversal
process.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5079981

I. INTRODUCTION

The super elasticity and shape memory effect in FeMn and
FeMnSi alloys attracted considerable interest for their possible
implementation as shape memory alloys in actuators, sensors and
in several other potential applications.1–3 Nano-structured anti-
ferromagnetic materials have promising applications in spin valves
and the magnetic random access memory (MRAM).4–8 The spin
valve multilayer structures are thought to be potential devices in
magnetoresistance read heads in magnetic recording industry. In
magnetic recording media the magnetization direction can be stabi-
lized by using the nanostructured anti-ferromagnetic materials.9–11
Face centered cubic substrate is favorable for the formation of anti-
ferromagnetic γ-fcc phase of FeMn which is necessary for exchange
bias in spin valve structures.12–15 Nanowires of anti-ferromagnetic

material along with same kind of structure of ferromagnetic material
are important in new type of hard magnetic materials. In particular,
the properties linked with hysteresis loop can be tuned by changing
parameters such as atomic ratio of magnetic alloys, length and diam-
eter of nanowires. FeMn alloy is important because of having no
requirement of long and high heat treatments to get transformed in
the necessary antiferromagnetic crystallographic structure.16 Some
of the usual methods to fabricate FeMn alloys are sputtering and vac-
uum plating which have relatively severe experimental conditions
and higher cost. Being lower cost and easy to apply, electrochemical
deposition method is a good alternative to fabricate such alloys at
nanoscale.12

Most of the research on antiferromagnetic materials deals with
thin film structures and nano-particles but there are very less num-
ber of reports on anti-ferromagnetic nanowires.
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II. EXPERIMENTAL
For the first time we report FeMn alloy nanowires fabricated

by low cost dc electro-deposition method using the nano-channels
of porous anodic alumina oxide (AAO) templates with thickness
approximately 60 µm. The pore diameter of nano-channels is
around 100 nm and the pore density is around 1×109 pores cm−2. A
300 nm Cu layer has been sputtered on one side of template to serve
as conducting electrode. The electrolytes used for electro-deposition
consist of FeCl2.4H2O, MnCl2.4H2O and (NH4)2SO4. Citric acid has
been added to electrolyte as an inhibitor to prevent oxidation of the
ferrous material to ferric material. In the deposition process the Pt
strip has been used as counter electrode whereas the sputtered layer
and saturated calomel electrode (SCE) served as working and refer-
ence electrodes respectively. Synthesis process has been repeated a
few times to get the required elemental compositions of deposited
product. After the deposition, heat treatment has been given for
2 hours to Fe80Mn20 NWs in the presence of magnetic field with
fiend strength of 1 T and directions parallel and perpendicular to
NWs axis.

III. RESULTS AND DISCUSSION
FIG. 1 shows Field Emission Scanning Electron Microscope

(FESEM) image of (a) Fe80Mn20 and (b) Fe50Mn50 NWs after
removing the AAO template. The NWs are well aligned and the

average diameter is 100 nm. FIG. 1(c) shows the Energy Dispersive
X-ray Spectroscopy (EDX) confirming the deposition of required
contents. The extra peak of Cu appeared due to the use of copper
tape during the analysis and the Al peak owing to the reason that
AAO template has been used in the synthesis process and for this
analysis the template has not been removed completely. FIG. 2 indi-
cates the X-Ray Diffraction (XRD) pattern of as deposited Fe80Mn20
NWs and those which have been annealed at 400○C in the pres-
ence of magnetic field with field direction parallel to NWs axis.
XRD analysis reveals that as deposited NWs show very minor crys-
talline indications or almost amorphous structure. With the heat
treatment at the temperature mentioned above an induced crys-
tallinity has been observed and a significant peak of cubic Fe80Mn20
alloy with (110) preferred orientation can be seen in XRD pattern.
Since the magnetization has an easy axis in the direction of axis
of NWs so the magnetic field annealing with field in the direction
of NWs axis during the annealing process favors the settlement of
more crystallites to be aligned parallel which gives improved crys-
talline structure and led to better crystallinity giving prominent
peak. The standard XRD pattern 04-004-7786 can be taken into
account for comparison. In our experiments no significant improve-
ment in crystalline structure has been observed for perpendicular
magnetic field annealing case of Fe80Mn20 NWs. Vibrating Sam-
ple Magnetometer (VSM) has been used to study the magnetic
properties of FeMn NWs. FIG. 3(a,b) shows the M-H magnetic

FIG. 1. (a) Fe80Mn20 and (b) Fe50Mn50
NWs having diameter around 100 nm, (c)
EDX analysis of FeMn NWs.
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FIG. 2. XRD patterns of as synthesized Fe80Mn20 NWs and those annealed at
400○C in the presence of 1 T magnetic field strength applied parallel to NWs during
annealing.

hysteresis loops of FeMn NWs composed of different elemen-
tal ratios of Fe and Mn. Typical magnetic anisotropic behavior
is observed for the Fe80Mn20 NWs arrays. The alignment of easy
magnetization axis has been observed to be parallel to NWs axis
owing to the dominant behavior of shape anisotropy.17 The overall
anisotropic field (Hk) is mainly determined by following three con-
tributions: (1) the shape anisotropy field (2πMs), due to which the
direction of easy magnetization would be parallel to NWs axis when
it has a dominant behavior over the other two contributions of Hk,
(2) magneto-static dipole interactions, which causes the easy mag-
netization axis to get perpendicularly aligned with NWs axis and (3)
the magneto-crystalline anisotropy field (Hma) which plays impor-
tant role for the magnetization reversal mechanism. The relation of
effective anisotropic field (Hk) is given as

Hk = 2πMs − 6.3πMsr2L/D3 + Hma (1)

In this equation the parameters are as follows:
Ms - saturation magnetization,
r - radius of the wire,
L - length of wire,
D - inter-wire distance.18

The change in elemental composition significantly changes the
magnetic behavior of NWs as shown in the M-H loops measured for
different compositions. Antiferromagnetic behavior can be observed
for Fe50Mn50 NWs as shown for both the cases when external field
is applied parallel and perpendicular to the NWs axis. Furthermore
with the increase in Fe concentration the ferromagnetic ordering
establishes in the structure which gives prominent coercive region
in the M-H loop of Fe80Mn20 NWs [FIG. 3 (a,b)]. FIG. 4(a) shows
the dependence of Ms on annealing temperature when the exter-
nal magnetic field has been applied in parallel and perpendicular
directions. This sample has already been annealed in the presence
of magnetic field applied parallel to NWs axis. A symmetric rela-
tion for both cases has been observed with an increase to max-
ima and then decrease to lower values with almost same numerical

FIG. 3. M-H loops of FeMn nanowires with different elemental compositions when
(a) field applied parallel to NWs axis and (b) field applied perpendicular to NWs
axis.

values for both easy and hard magnetization axes. The increase in
Ms with MF annealing temperature up to 200○C is attributed to
the better alignment of magnetic moments. Since the easy magne-
tization axis is along the nanowires axis due to dominant behav-
ior of shape anisotropy therefore the heat treatment with magnetic
field in the direction of easy magnetization axis makes it favorable
to get more magnetic moments aligned in the mentioned direc-
tion and of course this results in the form of improved magnetic
behavior. The magnetic characteristics of nanowires are affected on
providing magnetic field assisted heat treatment due to stress relief
between the grains and directional atomic pair ordering. This treat-
ment may further causes decrease in dipole magneto-static inter-
actions and self-demagnetizing fields of the wires due to the redis-
tribution of pair directions perpendicular to magnetization in each
domain leading to a considerable increase in Ms values. Further-
more, with the increase in annealing temperature there occurred a
decrease in Ms values. Although there can be several mechanisms
responsible for this decrease in Ms however in each case there must
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FIG. 4. (a) Ms dependence on magnetic field annealing temperature, (b) variation
in Hc and SQ with increasing angle of applied magnetic field.

be loss of free Fe atoms. The very small dimensional parameters
of nanostructures cause a decrease in their melting point as com-
pared when they are in bulk quantity.19–21 On the basis of these
facts, one of the possible reasons of decrease in Ms at higher temper-
ature can be the incorporation of electrodeposited Fe80Mn20 NWs
with the inside walls of nano-pores of AAO template. This incor-
poration can result in formation of nonmagnetic compound which
leads to interface defects and causes a decrease in Ms. Another possi-
ble reason of decrease in Ms at higher temperatures is the formation
of anti-ferromagnetic regions within the NWs in which magnetic
Fe atoms are captured in regions with Mn atoms which leads to
rapid fall in Ms. FIG. 4 (b) shows the variation in Hc and SQ with
the change in direction of external magnetic field. The commonly
studied magnetization reversal processes are the coherent rotation
and curling rotation of magnetization. The diameter at which the
coherent rotation switches to curling is dc = 2.08(A1/2/Ms), Where,
A is exchange stiffness and Ms is saturation magnetization.22 The
curling mode of magnetization reversal dominates when the diam-
eter exceeds with the critical diameter. The relation which links

the Hc with the angle for the magnetization reversal mechanism is
given as.23

Hc = a(1 + a)√
a2 + (1 + 2a)cos2θ

Hk (2)

where a = -1.08(dc/d)2. A directly proportional link in Hc and θ
shows the curling rotation of magnetic domains. In our case the
magnetization reversal mechanism is the other one, i.e the coher-
ent mode of magnetization reversal where the maximum and the
minimum Hc values are found when the field is applied at angle
0○ and 90○ with the axis of NWs respectively. The coherent rota-
tion of magnetic domains for 100 nm Fe80Mn20 NWs [FIG. 4(b)]
can be explained by taking an account of interwire coupling among
the NWs arrays. The magneto-static interactions among the NWs
play an important role for magnetization reversal mechanism. Since
the interpore distance of AAO template in our case is very small
i.e, about 15 nm which gives significant interwire coupling among
the NWs and leads to the parallel alignment of moments of adja-
cent wires. In this case the total energy is smaller and the interaction
favors the coherent mode of magnetization reversal.

IV. CONCLUSIONS
In conclusion nano-template assisted electro-deposition tech-

nique has been employed to fabricate FeMn NWs with diameter
of about 100 nm. Different elemental compositions have been pro-
duced and particularly antiferromagnetic ordering Fe50Mn50 has
been achieved. The Fe80Mn20 NWs arrays subjected to heat treat-
ment at different annealing temperatures in the presence of 1 T
magnetic field strength. The as-synthesized NWs show poor crys-
tallinity which gets improved at higher annealing temperatures and
cubic crystalline phase with (110) preferred orientation has been
observed. Variation in magnetic properties including Hc, SQ and Ms
with increasing annealing temperature has been discussed with the
increase of annealing temperature. Furthermore, coherent mode of
magnetization reversal mechanism has been observed due to signif-
icant inter-wire couplings at the cost of smaller inter-wire distances
among NWs arrays.
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