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The Ni3Mn type of ordering in nanocrystalline NiMn films with different compositions prepared by
electrodeposition was investigated by using x-ray diffraction, differential scanning calorimetry
�DSC�, thermogravimetric analyzer, Mössbauer spectroscopy, and transmission electron
microscopy. The investigations reveal the existence of composition-induced Ni3Mn-type ordering in
the as-deposited film of 76.2 at. % Ni. The atomic disorder is characterized by an exothermic effect
in DSC. An analysis of the broad exothermic transition reveals the stages of phase transformation
leading to ordering. The Curie temperatures of the alloys were determined from thermomagnetic
measurements, the maximum value obtained for the ordered sample. Mössbauer spectroscopy at
room temperature reveals ordered �ferromagnetic� and disordered �paramagnetic� phases in the
as-deposited films. Superlattice reflections observed in selected area electron diffraction pattern for
the 76.2 at. % Ni film alone further support the observation of composition-specific atomic
ordering. © 2008 American Institute of Physics. �DOI: 10.1063/1.2844211�

I. INTRODUCTION

Electrodeposition is an important cost-effective, rapid
method for preparing pure nanocrystalline metals and alloys
as films or in bulk form. Ni–Mn alloy system has attracted
significant attention of researchers recently. The Ni–Mn
based electrodeposited alloys have been developed for mag-
netic microelectromechanical systems �MEMSs� including
magnetic sensors, actuators, and recording heads.1,2 Scien-
tists have prepared many devices by the UV-LIGA �from the
German acronym lithographie galvanoformung und abfor-
mung or in English lithography, electroplating, and molding�
technique.3 High-strength and temperature resistant elec-
trodeposited Ni films for LIGA and MEMS applications
were obtained by the incorporation of small amounts of Mn,
which significantly increases the recrystallization tempera-
ture, contributing to the thermal stability of the alloys. The
spectacular increase in the bit density of magnetic disks has
been achieved by giant magnetoresistance and spin valve
reading heads, that require soft ferromagnetic thin films with
acceptable corrosion resistance, as in NiMn films.4,5 Further,
inverse magnetocaloric effect has been reported in a number
of Ni–Mn based systems.6 Since the as-prepared films show
disordered structure, prolonged annealing treatments are gen-
erally required to get the ordered structure �L12� and exploit
their characteristic properties. The disorder-order transition
degrades the performance of the devices, since the physical
properties of the alloys change profoundly when subjected to
mechanical and thermal treatments. During ordering, atoms
of one kind move to a particular site forming an ordered

arrangement having a lower potential energy than the disor-
dered one. Thus atomic disorder is a source of energy
storage.7 Electrodeposited alloys exhibit interesting struc-
tural peculiarities8–10 inherent to the very process. Elec-
trodeposition yields additional phases and co-deposits11 with
various microstructural features.12–14

The disordered phases in ball-milled Ni3Si and Ni3Al is
revealed by exothermic heat effects through differential scan-
ning calorimetry �DSC� technique.15–17 Recently Huang18 re-
ported metastable phases and phase transformations in sput-
tered NiMn films using DSC. Many extensive investigations
have been carried out on Ni3Mn alloy by magnetization, neu-
tron diffraction, and electron microscopy techniques to in-
vestigate the ordering process and its effect on magnetic
properties.19–21 Chandra and Radhakrishnan22 have carried
out Mössbauer investigations in thermally prepared Ni–Mn
alloys, for a range of compositions. Kaya and Nakayama23

have measured the specific heat of Ni3Mn alloy after anneal-
ing at various temperatures, and estimated the energy of or-
dering. The coexistence of disordered and ordered phases in
partially ordered Ni3Mn alloys was confirmed by neutron
diffraction24–26 and electron microscopy27 investigations.
Magnetoresistance and electrical resistance measurements
have also been studied.28–30 The reentrant spin glass effect
was studied by a number of researchers.31–34 Starting from
the early observations by Kaya and Kussmann35 and Sidorov
and Doroshenko,36 several studies have concentrated on the
ordering process in the range of Ni of 60%–80%. The author
has discussed the role of deposition parameters and the mag-
netic properties of electrodeposited Ni–Mn alloys
elsewhere.37,38 This work presents a study of the influence of
alloy composition in structural ordering in electrodeposited
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nanocrystalline NixMn films with x in the range of 71%–
92%, various compositions obtained by changing the depo-
sition parameters such as current densities �CDs� and bath
compositions. The study reveals the existence of a
composition-induced ordering behavior in electrodeposited
Ni–Mn films.

II. EXPERIMENT

The Ni–Mn alloys were electrodeposited on a pretreated
stainless steel substrate at RT from simple acidic sulphate
baths of pH 3.0. The details have been described
elsewhere.38 The deposition CD was generally maintained at
30 mA cm−2 except for one bath where deposits were ob-
tained also at higher CDs of 60 and 80 mA cm−2. In all depo-
sitions 50 g l−1 of �NH4�2 SO4 was used as bath additive.
The deposits were mechanically removed as flakes/foils for
further investigations. Their compositions were determined
by standard chemical analyses and energy dispersive x-ray
analysis. The DSC studies were carried out on a Perkin–
Elmer DSC-7 in argon atmosphere. The thermomagnetic
measurements were carried out on a thermogravimetric ana-
lyzer Perkin–Elmer TGA-7, using a horse shoe magnet. The
scans were repeated more than once for ensuring reproduc-
ibility. X-ray diffraction �XRD� measurements were carried
out using Cu K�1 radiation on a Guinier-type diffractometer
from Huber Diffraktionstechnik. The Mössbauer spectra at
RT were recorded using a Wissel constant acceleration spec-
trometer with 57Co�Rh� source. The samples for Mössbauer
spectroscopy were prepared by adding 5 g l−1 of
FeSO4�NH4�2SO4·6H2O to the baths in order to introduce
Fe in the alloys. The deposits were powdered and mixed with
boron nitride in the approximate ratio of 1:10 in weight to
control the gamma ray absorption. Results of Mössbauer
measurements suggested that Fe atoms were completely dis-
solved into the alloys. Transmission electron microscopy
�TEM� was carried out in a JEOL 2000FX microscope work-
ing at 200 kV, after subjecting the samples to Ar+ ion
milling.

III. RESULTS AND DISCUSSION

A. Structural analysis

The alloy composition and the Curie temperature �TC� of
the deposits from various bath compositions and CDs are
listed as Table I. The structures of all the alloys were inves-

tigated by XRD and found to conform to an A3B fcc structure
with a=3.5239�4� Å, almost independent of Ni atomic per-
centage. The XRD pattern obtained for an alloy with
82.4 at. % Ni shown in Fig. 1 is a typical example. Relative
intensities of the peaks I�111� : I�200� : I�220� : I�311� : I�222�
=100:28:14:10:4 obtained from the profiles match well
with those calculated for the Ni3Mn alloy. The average crys-
tallite size was 26 nm as determined from x-ray line broad-
ening analysis and later confirmed by the TEM measure-
ments for all deposits made at a CD of 30 mA cm−2. Figure
2�a� corresponding to deposit No.2 is typical of the bright
field TEM micrographs obtained for the deposits, and the
grain size distribution extracted therefrom is shown as Fig.
2�b�. However, the crystallite size decreases, considerably
for higher CDs, to as low as 8 nm at a CD of 80 mA cm−2.

B. DSC studies

The DSC scans of all the samples were typically done at
a heating rate of 10 K /min, except in one case where an
additional slow scan was performed. Figures 3�a� and 3�b�
are DSC traces obtained, respectively, for the 72.4 �deposit
No. 1� and 76.2 �deposit No. 2� at. % Ni alloys, while the
thermograms for a few other deposits are shown stacked in
Fig. 3�d�. The thermal behavior of these electrodeposited
samples differs considerably from those of Ni3Si, Ni3Al
milled alloys15,16 and sputtered Ni–Mn thin films.18,39 All the
DSC thermographs except for the case of 76.2 at. % Ni �Fig.
3�b�� present two endothermic peaks, one at �570 K and the
other above 833 K. An endothermic peak �Endo I�, the Curie
transition �TC� of the alloy, and the broad exothermic region
with fine features followed by a second endothermic peak
�Endo II� are marked in Fig. 3�c�. The first endothermic peak
in the DSC thermograms is attributed to hydrogen desorp-
tion. The hydrogen inclusion is known to be an inevitable
co-process of electrodeposition. DSC is a powerful tool to
study the desorption of hydrogen as an endothermic
process.40,41

For alloys with Ni content ranging from
72.4 to 41 at. %, broad exothermic regions in the region of
623–833 K are also noticed in Fig. 3. Since ordering is
known to occur for Ni–Mn alloys somewhere in the range of
60 to 82 at. % of Ni,35,42 this exothermic region was investi-

TABLE I. Sample label, bath composition, current density �CD�, Ni atomic
percentage, and Curie temperature �TC�.

Deposit
No.

Bath composition �gl−1�
CD

�mA cm−2�
Ni

at. %
TC

�K�NiSO4H2O MnSO4H2O

1 40 150 30 72.4 607
2 100 150 30 76.2 626
3 150 150 30 79.0 620
4 150 50 30 82.4 614
5 150 50 60 85.8 618
6 150 50 80 87.5 619
7 150 25 30 92.1 617

FIG. 1. The room temperature x-ray diffraction pattern for the deposit with
82.4 at. % of Ni.
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gated further. In order to understand the hidden features of
the broad exothermic region observed, the DSC scan for the
sample with 82.4 at. % Ni was repeated at a slower heating
rate of 5 K /min. This is shown in Fig. 3�c�. The thermograph
clearly shows that the broad exothermic region, in fact, con-
sists of three component profiles, marked as Exo I, II, and
III. For all the samples the exothermic part of the DSC pro-
file could, in fact, be fitted with three Gaussian distributions,
suggesting the operation of three individual processes. The
presence of such components in the exothermic peak of
disorder-order transition has also been observed in the DSC

scans of several ball-milled nanocrystalline intermetallic
compounds.14–16,43 These components indicate that the pro-
gression of the structural transition toward an ordered state
has three distinct stages. On the basis of literature
models,18,43 these exothermic components are sequentially
attributed to the relaxation of defects and stresses �Exo I�,
progression of a long-range ordering �Exo II� and crystallite
growth from the nanocrystalline to microcrystalline regime
�Exo III�. The individual energy values for the above pro-
cesses were calculated to be −10.2, −16.7, and −4.6 kJ /mol,
respectively, for the sample with 76.2 at. % Ni and −16.2,

FIG. 2. �Color online� TEM bright field image �a� and the corresponding grain size distribution �b� of the 76.2 at. % Ni sample.

FIG. 3. Differential scanning calorimetric curves for �a� deposit No. 1 �heating rate of 10 K /min�, �b� deposit No. 2 �heating rate of 10 K /min�, �c� deposit
No. 4 �heating rate of 5 K /min�, and �d� deposit Nos. 4, 5, and 6 �heating rate of 10 K /min� and rerun of deposit 4.
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−36.2, and −6.9 kJ /mol, respectively, for the sample with
82.4 at. % Ni. The component energy values obtained for our
samples is much higher than those obtained by others18,39 for
sputter deposited Ni–Mn film for a transformation to L10

structure, and the total energy is somewhat higher than the
calculated enthalpies for alloy formation.44 This higher value
may be due to the nature of alloy formation in an elec-
trodeposition technique and the process as well as extent of
ordering taking place in our samples. For example, lattice
defects such as screw dislocations/stacking faults are inevi-
table in electrodeposition.45,46 The values above also indicate
that the sample with 82.4 at. % Ni requires considerably
more energy �Exo II� for ordering process than the sample
with 76.2 at. % Ni, corroborating with the other results on
the highly ordered state of the 76.2 at. % Ni sample. That the
reordering scheme for the sample with 82.4 at. % Ni differs
considerably from the 76.2 at. % Ni sample is further evi-
denced from the results of an in situ high temperature XRD
�discussed later�, suggesting considerable Ni segregation be-

yond the �DSC� reference temperature. Recently, similar seg-
regation of Mn have also been observed in electrodeposited
Ni–Mn alloys around this temperature.47 The associated
grain growths perhaps account for a larger energy of
−6.9 kJ /mol for Exo III in this case. The endothermic tran-
sition �Endo II� at the end of the exothermic process �Figs.
3�a� and 3�d�� corresponds to the phase transition after order-
ing. The TC from DSC agrees well with thermomagnetic re-
sults shown in Table I.

Figure 3�d� shows the DSC scans at a heating rate of
10 K /min of the samples from same bath deposited at CDs
of 30, 60, and 80 mA cm−2 �deposit Nos. 4, 5, and 6 in Table
I�. These deposits had the compositions of 82.4, 85.8, and
87.5 at. % Ni, respectively. All the three deposits show the
endothermic peak followed by a broad exothermic region
and a second endothermic transition. Both the endothermic
and exothermic transitions are found to be irreversible �indi-
cated as Re-run in Fig. 3�d��. The heat absorbed in the first
endothermic process as well as the heat generated in the
exothermic process decreases with CD.

Figures 4 and 5 depict the endothermic �Endo I, triangle�
and exothermic �total energy, circles� peak energy values and
peak temperatures, respectively, as determined from the DSC
scans. In Fig. 4, the curve�a� shows a nonmonotonic trend in
the variation of exothermic energy due to the ordering pro-
cess with the minimum heat release for the 76.2 at. % Ni
sample and the maximum for the 82.4 at. % Ni. In Fig. 5, the
curve �a� shows a similar trend for the exothermic peak tem-
perature against Ni concentration, reaching a maximum for
the 76.2 at. % Ni, which in its as-deposited form is energeti-
cally close to an ordered structure. In Figs. 4 and 5, the solid
triangles and solid circles correspond to deposits from the
same bath as of the 82.4 at. % Ni sample but at higher CDs
of 60 and 80 mA cm−2 yielding the compositions 85% and
87.5 at. % Ni, respectively. The emphasis here is on the Ni
concentration rather than the crystallite size effect, even
though the CD influences the crystallite size too. The heat
absorption during hydrogen desorption �Fig. 4, curve �b�� as
well as the temperature of endothermic process �Fig. 5, curve

FIG. 4. �a� Exothermic and �b� endothermic energies as a function of vari-
ous at. % of Ni. The continuous line is only a guide for the eye.

FIG. 5. �a� Exothermic and �b� endothermic peak temperatures as a function
of various at. % of Ni. The continuous line is only a guide for the eye.

FIG. 6. The Kissinger’s plot for 82.4 at. % Ni. � is the heating rate and TP

the peak temperature.
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�b�� as a function of Ni concentration correlates well with the
trend observed in the exothermic process. The deposit with
76.2 at. % Ni absorbs the minimum heat at the minimum
temperature. The sample 92.1 at. % Ni, however, does not
show any endothermic peak but only a small exothermic
peak, since its structure is more corresponding to fcc than
A3B structure.42

The above results of exothermic energy and peak tem-
perature variations as a function of Ni concentration clearly
show that the sample with 76.2 at. % Ni possesses highest
degree of ordering, whereas the one with 82.4 at. % Ni the
least among all the compositions that could be obtained by
electrodeposition from a wide range of bath compositions. It
is noteworthy that 76.2% is close to a Ni:Mn ratio of 3:1. It
is well documented that the exact composition at which
Ni3Mn ordered phase is observed, ranges between 76 and
77 at. % Ni.42

The activation energy for different stages of the ordering
transformation was calculated using Kissinger analysis.48 A
number of heating rates, namely, 5, 10, 15, 20, and
25 K /min were applied to study the dependence of the peak
temperature �TP� on heating rate ���. The resulting Kissinger
plots are shown in Fig. 6 for the alloy with 82.4 at. % Ni
deposited at 30 mA cm−2 CD. From the slope of the first
endothermic peak an activation energy for the dissociation of
hydrogen included during alloy deposition was calculated as
106 kJ /mol. The activation energies of 200, 301, and
202 kJ /mol from the three exothermic peaks are attributed,
respectively, to relaxation of defects and stresses, the long-
range order transformation, and the grain growth of the
nanocrystals to form microcrystals.

C. Thermogravimetric studies

A thermogravimetric magnetic curve from TGA obtained
for the sample with 82.4 at. % Ni is shown in Fig. 7 as a
typical example. The initial weight increase �region A in Fig.

FIG. 7. The thermomagnetic curve for the 82.4 at. % Ni.

FIG. 8. In situ high temperature x-ray diffraction patterns for 82.4 at. % Ni.

FIG. 9. �Color online� Mössbauer spectra recorded at RT for �a� 72.4, 76.2,
79.0, and 82.4 at.% Ni deposits and �b� quenched 82.4 at. % Ni deposit.
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7� is attributed to hydrogen desorption from the alloy, which
induces a magnetic flux gain �due to the associated change in
magnetic moments�. The magnetic flux then decreases �re-
gion B� and reaches a minimum at the Curie point �TC�. The
observed slow change in magnetic moment after TC, corre-
sponding to the region C in Fig. 7, is possibly due to the
thermal energy matching the exchange energy of the ferro-
magnetic atom with its near-neighbor atom clusters, leading
to a transition from ferromagnetic to paramagnetic phase.
This is followed by region D with a small magnetic flux gain
which is due to the contribution from different degrees of
long-range ordering,19 and in this 82.4 at. % Ni sample this
may also be contributed in addition by segregated ferromag-
netic Ni. The apparent below zero weight in the TGA trace is
because of the zero reference in weight corresponding to the
sample weight before hydrogen loss by desorption.

D. High temperature in situ XRD studies

Each of the DSC thermograms, except for the 76.2 at. %
Ni sample, displays an endothermic transition beyond the
exothermic process, suggesting that the ordering process is
followed by a phase transition into a disordered state. In
order to ascertain the onset temperature of this transition, an
in situ high temperature XRD measurements were carried
out. Figure 8 shows this for the alloy with 82.4 at. % of Ni.
Starting from the temperature of 873 K �which is just above
the Endo II peak temperature for this sample in Fig. 3�d��,
the �111� peak exhibits a splitting, indicating the transforma-
tion of the ordered structure to a disordered structure. The
lower Bragg angle component of the split �111� peak corre-
sponds very well with the fcc-Ni and the other component is
from a fcc-Ni3Mn phase, suggesting the onset of a phase
transition. The weak peaks observed in the 873 and 1073 K
XRD traces of this figure correspond to �NiO�0.75�MnO�0.25

phase49 arising due to the mild oxidation of the sample since
the XRD was done in ambient conditions. It has to be noted
that this onset temperature of peak splitting �873 K� agrees
well with the temperatures of the second endothermic peak
observed for most deposits in Figs. 3�a� and 3�d�. On the

other hand, it is even more significant that this second endot-
hermic peak is not seen in the DSC scan �Fig. 3�b�� for the
ordered 76.2 at. % Ni sample as also no splitting of �111�
peak was observed in its in situ high temperature XRD pat-
terns �not shown here�, thus confirming the above conclu-
sions on order-disorder transitions.

E. Mössbauer studies

Figure 9 shows the Mössbauer spectra obtained at RT for
deposits with 72.4, 76.2, 79.0, and 82.4 at. % Ni �deposit
Nos 1, 2, 3, and 4�. The spectra were fitted using a least
squares method and the values of the fitted parameters are
given in Table II. The fitting yielded one sextet, one doublet,
and a singlet for all samples except for 76.2 at. % Ni, for
which the singlet was absent. The sextet corresponds to the
long-range order �ferromagnetic phase� and the singlet of
lower intensity to the short-range order �paramagnetic

FIG. 10. TEM selected area diffraction �SAD� patterns for the 76.2 at. % Ni �a� and 82.4 at. % Ni �b� films. The analysis of the TEM diffraction patterns was
based on the software PROCESS DIFFRACTION �Ref. 54�.

TABLE II. Room temperature Mössbauer parameters such as hyperfine field
�Hhf�, center �isomer� shift �CS� relative to that of �-Fe, quadrupole splitting
�QS�, line width �WV�, and relative intensities �Irel� for the various at. % of
Ni.

Ni at. %
Hhf

�kOe�
CS

mm s−1
QS

mm s−1
WV

mm s−1 Irel

72.4 282 0.04 −0.07 0.50 85
0 −0.13 −0.97 0.60 7.5
0 0.11 0 0.60 7.5

76.2 241.9 0.06 −0.02 0.60 90
0 0.06 1.05 0.40 10

79.0 269.6 −0.01 −0.09 0.40 80
0 −0.17 −0.97 0.30 10
0 −0.11 0 0.30 10

82.4 275.2 −0.02 −0.07 0.50 81.6
0 −0.01 −1.47 0.40 10.9
0 0.01 0 0.40 7.4

Quenched 0 0.07 0 0.58 100
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phase�. An asymmetry in the sextet pattern noticed for all the
deposits is due to the inclusion of hydrogen50 which occupies
the octahedral sites of the fcc lattice in nickel51 and
palladium.52 The introduction of hydrogen reduces the aver-
age magnetic moment of the nickel atom, lowering the Curie
temperature as well as the hyperfine interaction of the iron
atom. The doublet arises due to the presence of a quadrupole
splitting, thus indicating an asymmetry in the environment
around the resonant Fe atoms22 or the presence of a nonmag-
netic impurity.

For Ni concentrations other than 76.2 at. % Ni, the fit-
ting of the spectra indicates the coexistence of two phases,
one giving rise to a well-resolved sextet and another yielding
the less intense paramagnetic singlet at room temperature.
This perhaps suggests the presence of a small number of
short-range ordered domains in a matrix of long-range order,
in agreement with literature results on bulk samples.22,53 Fe
nuclei in these two phases experience different hyperfine
fields and the corresponding Curie transitions are different.
The TC of the short-range order phase is presumably below
room temperature and could be determined only with low
temperature Mössbauer studies. It can be argued that the sin-
glet may be due to the superparamagnetic nature of the
smaller crystallites, however, it is missing in 76.2 at. % Ni
deposit. The minimum of hyperfine field �Hhf� occurring for
76.2 at. % Ni sample suggests that the short-range ordered
paramagnetic phase is absent in 76.2 at. % Ni sample. In
order to ascertain the disordered phase in 82.4 at. % Ni
sample at 1073 K �as suggested from in situ high tempera-
ture XRD�, sample was annealed at 1073 K for 24 h and was
quenched in air. The Mössbauer spectrum of this sample
�Fig. 9�b�� shows a well-defined singlet, confirming the dis-
ordered paramagnetic phase.

F. Superlattice ordering

The conclusion about the presence of a long-range or-
dering in the 76.2 at. % Ni sample and its absence in at least
the 82.4 at. % Ni sample arrived at from the various studies
above was more clearly established by the analysis of the
selected area diffraction �SAD� patterns obtained from TEM
experiments. Figures 10�a� and 10�b� show these SAD pat-
terns for the as-deposited 76.2 at. % Ni and 82.4 at. % Ni
samples, respectively. The diffraction from the sample with
76.2 at. % Ni �Fig. 10�a�� yields the �100� ring apart from the
other fcc rings. The presence of the normally forbidden �100�
inner ring is an indication of the existence of an L12-type
ordering, thus giving rise to a superlattice structure along the
�001� direction. No such long-range ordering was, however,
found in the 82.4 at. % Ni sample, as confirmed by the lack
of this �100� superlattice ring in Fig. 10�b�.

IV. CONCLUSION

Electrodeposited Ni–Mn alloys formed within a narrow
compositional range, in spite of employing a wide range of
bath composition. The films of Ni3Mn had a nanocrystalline
fcc structure, determined by XRD studies. An analysis of the
DSC scans revealed that the process of ordering in the alloys
takes place via three distinct stages, namely, relaxation of

defects and stresses, progression of a long-range order trans-
formation, and grain growth with activation energies of 200,
301, and 202 kJ /mol, respectively. While the minimum exo-
thermic energy value and a high TC exhibited by the deposit
with 76.2 at. % Ni along with the absence of any short-range
ordered paramagnetic phase for this sample as revealed by
Mössbauer studies indicate that this composition enjoys a
high degree of ordering even in the as-deposited condition,
the superlattice reflections observed in SAD exclusively for
this 76.2 at. % Ni case establishes that this ordering is of L12

type. Though some degree of ordering was visible for the
electrodeposited Ni–Mn alloys with Ni ranging from
72.6 to 87.5 at. %, the alloy with 76.2 at. % Ni was the most
stable with pure ferromagnetic phase.
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