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Shape-dependent magnetic properties of a bimetallic system have been studied for FeNi nanoparticles with
well-defined concave cubic and octahedron shapes. The alloy composition was chosen to be close to that
of an Invar FeNi alloy (with 35% Ni content) but with the coexistence of both bcc and fcc phases, in order to
investigate the role of phase combinations in controlling the magnetic properties for the first time. Different
saturation magnetization and coercivities were observed for the resulting FeNi alloy nanoparticles, and

these differences have been correlated with surface anisotropy and formation of different two-phase
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Accepted 30th May 2014 combinations. The role of two-phase combinations in governing the magnetic properties has also been

studied for both bulk and nanoalloys by large-scale Density Function Theory (DFT) calculations using

DOI: 10.1039/c4tc00443d VASP, which provides a new complementary approach to understanding the magnetic properties of alloy
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Introduction

Studying shape-dependent magnetic properties of nano-
particles (NPs) offers rich insights into the fundamentals of
magnetism in the nanoscale regime. As an important bench-
mark bimetallic magnetic system, the FeNi alloy system has
been the subject of several theoretical and experimental inves-
tigations. This system is particularly intriguing because FeNi
alloys such as Invar, Elinvar, and Permalloy exhibit notably
different properties depending on their compositions. These
alloys are not just interesting to basic research, but they also
provide important practical applications. The phase diagram of
a FeNi alloy exhibits three distinct regions (bcc, fce, and bee +
fec), which also make them a fascinating bimetallic material
system for experimental and theoretical studies from the crys-
tallography perspective. At room temperature, the coexistence
of the bce and fec phases are observed when the Ni content is
between 5% and 72%," the range of which appears to depend on
the method of preparation. For instance, the two-phase coex-
istence is found to occur at 15-34% Ni for alloys obtained by
ball milling,> while thermal evaporation®* and sputtering*
produce alloys with a narrower %Ni range. Interestingly, this
range is found to be wider when the size of the alloy is in the
nanoscale regime.>”

Magnetic properties of FeNi alloys as a function of compo-
sition has been studied over the entire range in both bulk and
nanoalloys.>** In most of the studies reported to date, the FeNi
alloy has been found to exhibit a single-crystalline phase for
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each composition, ie. either bcc or fce. In few studies>*>™

when the alloy was obtained in the mixed-phase region, the
percentage of each phase was not reported, which suggests that
its importance has likely not been realized. For both bulk and
nanosize, magnetic properties for FeNi alloys with a specific
composition but a different combination of bee and fec phases
are yet to be reported. In practice, when two phases coexist, the
relative amount/percentage so obtained appears also to depend
on the preparation method. Indeed, there is an acute need for
studies on the role of different two-phase combinations in their
magnetic properties. These studies are obviously very chal-
lenging to theory and experiment, because it has not been
possible to make alloys with the same composition but with
different two-phase combinations using a single method until
now. By taking advantage of the unique nanoscale properties,
we synthesize here Feq;Ni;, alloy NPs with two distinct shapes
(but with the same composition), for which the combination of
fce and bee phases in the mixed-phase region is different. This
shape-dependent effect potentially provides a new control over
the properties of an alloy with a specific composition. The in situ
oxide nano-shell that covers the surface of NPs® will protect
them against oxidation. We also provide the first investigation
of the role of two-phase combinations in governing the
magnetic properties in both bulk and nanoalloys by large-scale
Density Function Theory (DFT) calculations.

Another important point to be noted here is that although
there have been a few studies on shape-dependent magnetic
properties of pure oxide nanoparticles of single metals
(e.g- magnetites and ferrites),'"* there is no report on shape-
dependent magnetic properties of bimetallic materials,
including FeNi alloys or other transition metal combinations.

This journal is © The Royal Society of Chemistry 2014
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This is because of the challenges in the synthesis of bimetallic
NPs with different shapes due to their inherent reactivities and
easy oxidation. This work therefore provides the first experi-
mental study of different magnetic properties of FeNi alloy NPs
with different shapes.

Results and discussion

Concave cube (CC) and cuboctahedron (COh) NPs were
prepared by co-electrodeposition of Fe and Ni on a H-termi-
nated Si(100) substrate in a three-electrode cell by potentiostatic
amperometry at —1.4 V vs. Ag/AgCl. A silicon chip (15 X
2.5 mm?, 0.4 mm thick), precut from a Si(100) wafer (p-type,
B-doped, with a resistivity of 0.01-0.02 Q cm), was used as the
working electrode, after it has been cleaned by using the RCA
method™ and further H-terminated by dipping in an aqueous
HF (2%) solution. A standard Ag/AgCl electrode was used as the
reference electrode while a Pt wire was used as the counter
electrode. For CC NPs, we used an electrolyte solution consisted
of 5 mM FeCl, and 5 mM NiCl, in 200 mM H;BO; (used as the
supporting electrolyte) and carried out the electrodeposition at
room temperature. For COh NPs, electrodeposition was per-
formed at 4 °C in a solution of 2.5 mM FeCl, and 1.25 mM NiCl,
in 100 mM H3;BO; and 50 mM NacClO, (the latter two were used
as the supporting electrolytes). Electrodeposition was carried
out for 20 s and 30 s to obtain, respectively, the CC and COh NPs
(with average sizes of 75 and 70 nm, respectively) shown in
Fig. 1. The indentation (and the concavity) in the CC NPs
indicates that the surfaces of the NPs are made up of high-index
planes discussed in more detail elsewhere.* The corresponding
alloy composition for both CC and COh NPs, as determined by
Energy-Dispersive X-ray (EDX) analysis (to +1% accuracy), is
found to be Feg;Nis;, which is confirmed by lattice parameter
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measurements using X-ray Diffraction (XRD).'* Glancing-inci-
dence XRD patterns of both CC NPs and COh NPs shown in
Fig. 1c indicate alloy formation with mixed fcc and bce phases.
The respective phase percentages are obtained by peak-fitting
the most intense fcc (111) and bee (110) features, after appro-
priate normalization of the two patterns to the fitted areas of the
respective bee (110) features. The respective amounts of fce and
bee phases are found to be 37% and 63% for CC NPs and 48%
and 52% for COh NPs (Table 1). It should be noted that the
average size in Table 1 corresponds to the average diameter for
spherical NPs or to the average side length for cubic NPs
obtained by using image processing software. The grain size
corresponds to the size of a crystallite (or grain) as estimated
from the full width at half maximum of the most intense XRD
peak by using the Scherrer equation. Within the accuracy of our
measurements, the lattice constants for the fcc and bec phases
are essentially the same for both shapes (2.862 A for bec for both
CC and COh NPs, and 3.578 A and 3.589 A for fcc for CC and
COh NPs, respectively).

To investigate the local magnetic moments of the CC and
COh NPs, we employ high-resolution magnetic force micros-
copy (MFM), using probe tips with low moments (<400 Oe) to
minimize the perturbation of the sample by the magnetic field
from the tip. Fig. 2 shows the topographic and magnetic force
gradient images of the as-prepared CC and COh NPs (ie.
without pre-magnetization before the experiments). Evidently,
CC NPs exhibit alternating bright and dark contrast among
adjacent NPs, while COh NPs show dark contrasts for most of
the neighboring particles. This suggests a lower coercivity for a
CC NP as its moment could flip more easily than a COh NP. It is
important to emphasize that the observed difference in local
magnetic properties is due to differences in the shape and in the
relative amounts of fcc and bce components and not to the
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Fig. 1 SEM images of (a) concave cube (CC) and (b) cuboctahedron (COh) nanoparticles (NPs), with their corresponding higher magnification
images and schematic diagrams shown in insets, and (c) glancing-incidence XRD patterns for CC and COh NPs. The peaks for the fcc and bcc
phases are marked by “f" and “b", respectively, with the inset showing the most intense peaks for CC and COh NPs normalized to their respective
bcc (110) peaks.

Table 1 Physical parameters of concave cube (CC) and cuboctahedron (COh) nanoparticles with the same composition of FegzNiz,

Feg3Ni;, shape Average size (nm) Grain size (nm) Lattice constant (A) bee (%) fec (%) Ms (emu g™ ") Coercivity (Oe)
CC 75+ 1 35+1 fce: 3.578 bee: 2.862 63 37 85 100
COh 70£1 22 +1 fce: 3.589 bece: 2.862 52 48 40 188
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Fig. 2 Topographic (left) and magnetic force images (right) of (a) and
(b) concave cubic (CC) and (c) and (d) cuboctahedron (COh) FegzNis
nanoparticles collected at room temperature.

relative composition of Fe and Ni as the latter is the same
(Feg3Nis,) for both CC and COh NPs.

In Fig. 3a, we compare the corresponding hysteresis loops for
the Feg3Niz; CC and COh NPs. A notably higher maximum
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Fig. 3 (a) Hysteresis loops obtained at room temperature for both
concave cube (CC) and cuboctahedron (COh) nanoparticles, with an
expanded view over the —500 to 500 Oe range shown in the inset, (b)
zero-field cooled (ZFC, dashed lines) and field-cooled (FC, solid lines)
magnetization (M) curves in the presence of 100 Oe external field, (c)
temperature derivative curves of the difference between FC and ZFC
moments as functions of temperature.
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magnetization at 0.5 T is found for the CC NPs (85 emu g )
than the magnetic saturation for COh NPs (40 emu g~ '), while
the coercivity for the CC NPs (100 Oe) is smaller than that for the
COh NPs (188 Oe) (Table 1), as expected from our MFM results.
From Fig. 3a, it is clear that the magnetization of the CC sample
is not saturating at the maximum applied field (0.5 T) at 300 K.
This residual amount of unsaturation and a well-defined coer-
civity suggest the presence of a mixed phase of both ferromag-
netism and superparamagnetism in the NPs. The maximum
magnetization value for CC NPs is smaller than that reported for
bulk Feg;Nis; alloys®**'”*® but is comparable to those found for
FeNi alloy NPs reported previously.***® The Mg value for COh
NPs observed here is therefore lower than the FeNi NPs (with
the same composition).””*® In order to compare with the
previous work and with our own VASP calculations (discussed
below), we estimate the moment per atom, u, using the equa-
tion: u = (Mysym X W)/(up X Na x m), where Mygy is the satu-
rated magnetic moment or maximum magnetic moment
obtained from VSM measurement, W is the molecular weight,
up is the Bohr magneton, N, is the Avogadro number, and m is
the mass of the sample. We obtain u to be 0.95 pB per atom for
CC and 0.40 puB per atom for COh NPs.

The hysteresis loop of the CC sample is characterized by a
relatively large value of the magnetic remanence (M) to Mysy
ratio (0.52) and a nearly steep reversal of magnetization while
that of the COh sample is characterized by a small M,/Mysy
value (0.15) and a gradual change of magnetization to satura-
tion. The large M,/Mysy value for CC NPs indicates that the
particles consist of randomly oriented equiaxial grains with
cubic magnetocrystalline anisotropy.” On the other hand, the
smaller M,/Mysy value (less than 0.5) found for the COh NPs
indicates that the grains inside the particles have magnetostatic
interactions.”* The larger M,/Mygy value for CC NPs compared
to COh NPs is related to the increasing shape/magnetocrystal-
line anisotropy of the synthesized NPs due to a larger number of
atoms that results in more missing coordination atoms. This
difference in the remanence and shape of the MH curves, which
shows a different magnetic behaviour, is due to differences in
the shape and in the relative amounts of fcc and bee compo-
nents, as also illustrated in their MFM results.

Fig. 3b shows the temperature dependence of the magneti-
zation at an applied field of 100 Oe for the CC and COh NPs after
undergoing zero-field-cooled (ZFC) and field-cooled (FC)
processes between 5 K and 325 K. The COh NP signal is scaled
up 20 times for better illustration. An irreversible magnetic
behavior, indicative of a large thermal irreversibility, is
observed for both CC and COh NPs in the entire temperature
range. For CC NPs, the ZFC magnetization increases with
increasing temperature rapidly in the 5-30 K range and more
slowly in the 30-200 K range and then decreases by a small
amount upon increasing the temperature to 325 K. The rela-
tively sharp increase of ZFC magnetization found in 5-30 K
could be due to some small grains inside the NPs with the
blocking temperature falling in this temperature range.*”> On
the other hand, increasing the temperature for COh NPs results
in increasing ZFC magnetization over the entire temperature
range (5-325 K) with the rapid change in the 5-30 K range. As no
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obvious maximum is observed in the ZFC magnetization from
Fig. 3b, the blocking temperature should be above 325 K in a
field of 100 Oe in these samples. The decreasing tendency of the
ZFC curve for CC NPs up to 325 K can be due to the presence of
superparamagnetism and ferromagnetism phases in the NPs as
has been observed in the magnetization curve (Fig. 3a). Since
there is no obvious peak in the ZFC magnetization curves of
COh NPs, these NPs exhibit typical ferromagnetic behavior
without any blocking temperature below 300 K. To confirm this
result and to obtain some qualitative information about the
magnetic behavior of these NPs, we show the temperature
derivative curves of the differences between FC and ZFC
magnetizations for the CC and COh NPs (Fig. 3c). The trend for
this derivative curve is the same as that for the temperature
derivative of the remanent magnetization.”® The peak observed
at 17 K for both CC and COh NPs represents a low-temperature,
frozen, disordered magnetic state. The presence of this
magnetic state therefore confirms ferromagnetic behavior for
both CC and COh NPs and is consistent with that found in other
non-relaxing (quasi-static) ferromagnetic materials (including
Fe/Fe oxide and Ni/Ni oxide NPs) reported elsewhere.>>**

To account for the notable differences in Mg and coercivity
of CC and COh NPs, we consider three plausible contributing
factors: (1) particle or grain size, (2) surface anisotropy in
different shapes, and (3) ratio of the amounts of bcc to fcc
phases. Previous studies have shown that the saturation
magnetization is very sensitive to the size of the NPs*>?® or the
grain size in thin films, with larger particles or grains exhib-
iting higher saturation magnetization.>”*®* We therefore
expect that the CC NPs with a slightly larger particle size and
larger grain size should show larger saturation magnetization
than COh NPs. Furthermore, missing coordinating atoms
around surface metal cations could lead to surface magnetic
disorder and pinning. The surface anisotropy becomes lower
whenever the coordination symmetry of the surface metal
cations is more similar to that of the metal cations in the core
of the NP.* For ferrite NPs, the surface anisotropy has been
reported to be much smaller in cubic nanocrystals than that
in spheres. This is likely because the curved topology of
spherical nanocrystals could lead to more surface metal
cations with less symmetric coordination and to more
missing coordinating atoms than the flat surfaces of cubic
nanocrystals.”” Since these missing coordinating atoms and
the surface anisotropy can change the coercivity,**** the
coercivity should follow the order: cube < octahedron cube <
concave cube < sphere. Although both the concave cube and
octahedron may have the same number of facets, the number
of atoms is higher on the surface of the concave cube because
of its higher index facets with more missing coordinating
atoms. However, the saturation magnetization and remanent
magnetization are independent of the surface anisotropy, as
previously reported for CoFe,O, and vy-Fe,O; NPs with
different shapes.'>** Furthermore, in the size range of our NPs
(i.e. 70-75 nm), the surface atoms only represent less than
10% of the total number of atoms. Surface anisotropy there-
fore cannot account for the observed difference in Mg for CC
and COh NPs.

This journal is © The Royal Society of Chemistry 2014
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To evaluate the role of the ratio of the amounts of bcc to fec
phases on the magnetic behavior of NPs, we perform Density
Function Theory (DFT) calculation® using the Vienna Ab initio
Simulation Package (VASP, Version 5.2)** with the MedeA plat-
form (Materials Design). According to the lattice parameters, the
fcc phase has a chemical composition close to that of the alloy
itself. The bec phase must also have nearly the same composi-
tion as the alloy according to the previous X-ray lattice parameter
measurements on alloys with similar chemical compositions of
bee and fee phases.***” We therefore construct bec lattices with
super-cells of 256 atoms for the ordered structure and of 108
atoms for the disordered structure, all with the closest compo-
sition to Feys3Niz; composition (where X and Y in the FexNiy
notation correspond to atom% and not the actual numbers of
atoms of Fe and Ni, respectively). For fcc lattices, super-cells of
128 atoms for both ordered and disordered structures are used.
The ordered structures are obtained by repeating smaller unit
cells to construct the super-cell. For example, the super-cell of
256 atoms for bec is made up of Fe5Ni3 unit cells (where A and B
in the FeANiB notation correspond to the numbers of Fe and Ni
atoms, respectively, in the small cell), while the super-cell of 108
atoms for fcc is made up of Fel1Ni7 unit cells. For disordered
structures, the atoms are randomly placed in the structure, and
the respective super-cell does not contain any repeating struc-
ture inside and therefore no smaller unit cells. For example, the
super-cell of 108 atoms for the disordered fcc structure is made
up of Fe67Ni41. Furthermore, we have also tested several other
different initial disordered arrangements and obtained their
optimized disordered structures, the cohesive energies of which
are found to be similar. This result is also consistent with our
observation using super-cells containing the same number of
atoms (e.g. 128) but in different volumes for the disordered
structures. Our objective here is to use the results obtained for
these single-phase crystalline super-cells (i.e. bce or fec) to
deduce the properties of the NPs with two-phase combinations.
We employ the projector-augmented wave (PAW) method and
the exchange correlation with the generalized gradient approx-
imation by the Perdew, Burke, and Ernzerhof (PBE-GGA)*® for
structure optimization and magnetic moment calculation
(assuming the periodic boundary conditions). The wave-
functions are expanded in a plane wave basis with energy cutoffs
of 267.88 eV for Fe and of 269.53 eV for Ni. The surface Brillouin
zone was sampled at the I' point with a k-point spacing of 0.5
A~'. The geometries have been optimized by relaxing all atoms
until the forces are less than 20 mev A~!, with the energy
convergence of the self-consistent-field set to 1.0 x 10~* eV and
Methfessel-Paxton smearing set to 0.2 eV, while keeping the cell
constants for the crystal fixed. Since structure optimization by
relaxing the lattice parameters has been found to change the
original crystal structure (phase and symmetry), we have there-
fore not included lattice parameter relaxation in the optimiza-
tion. Given that we constructed super-cells using the pre-defined
crystal structures in VASP, the appropriate periodic boundary
conditions have been used during structure optimization. The
spin-orbit combined magnetic and Vosko-Wilk-Nusair spin-
interpolation methods* have been employed for the total
moment calculations.

J. Mater. Chem. C, 2014, 2, 6370-6375 | 6373
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The DFT calculations have produced optimized atomic
arrangements in the bec and fce unit cells with ordered and
disordered structures. According to the cohesive energies, the
most stable configurations are (Fe11Ni7) x 6 and (Fe5Ni3) x 16
for the fcc and bcc ordered structures, respectively, and
Fe67Ni41 and Fe79Ni49 for the respective fcc and bee disor-
dered structures. In Fig. 4a, we summarize the calculated
cohesive energies of these super-cells along with their opti-
mized structures, which indicate their relative ease of forma-
tion. From the total moments calculated for the optimized
super-cell structures, we estimate the moment per atom for
each structure. As an independent check of the VASP accuracy,
we obtain, in separate calculations, the magnetic moments of a
pristine Fe and a pristine Ni super-cells, and compare these
values [2.2 pB per atom for Fe and 0.6 puB per atom for Ni] with
the respective experimental moments for these elements
reported in the literature.®'* Excellent agreement is found for
both Fe and Ni, confirming the high accuracy of our VASP
calculations. We also compare the VASP results for the single-
phase fec and bee FegsNiz, super-cells in ordered and disor-
dered structures with the experimental values obtained for bulk
alloys reported in the literature.'®**** Fig. 4b shows the litera-
ture experimental Mg values obtained for fcc and bec alloys in
the region of an Invar alloy (i.e. 30-38 Ni%) and the calculated
magnetic moments for ordered and disordered bec and fec unit
cells by VASP. In Fig. 4b, the upper horizontal line and the lower

(a)
fcc-ordered
3 698.82 (0.99)
£
<
>
E’) —
L“ﬁ’ 630.95 (1.15)
o d fcc-disordered
§ a’-‘&“ 239.35 (1.86)
— bce-disordered
226.4 (1.87)
bce-ordered
0o Optimized Structures
(b) bee (c)
2.0 ®[40] [18]m
- Al
£ | ~
s 1.8 (4181411 £ o
E 16 m [40] g '
TE,,’ . o[18] %‘
& __fcc ®141) . a
124 ®HOl o40] \\
]
L e e B S B B B B T LN
29 30 31 32 33 34 35 36 37 38 0 20 40 60 8 100
Ni % fec %

Fig. 4 (a) Optimized ordered and disordered structures and the cor-
responding cohesive energies (in units of kJ mol™2, not drawn to scale)
and total moments (in parentheses, and in units of uB per atom) for the
most stable FegzNiz; super cells and (b) comparison of experimental
magnetic saturation Mg obtained for bcc (squares) and fcc unit cells
(circles) for bulk alloys [ref. 18, 40 and 41] with the VASP results (upper
horizontal line for bcc and lower horizontal line for fcc). (c) variation of
total moment as a function of fcc unit cells in different combinations of
bcc to fcc phases.
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horizontal line mark the moments for ordered bcc and disor-
dered fcc, respectively, which correspond to the more stable
configurations with less positive cohesive energies for the bec
and fcc lattices (shown in Fig. 4a). Evidently, the VASP results
are very close to the experimental literature values. It should,
however, be noted that the amounts of fcc and bec phases are
not indicated in the previous reports, and as explained below
this information is important because it could account for the
observed discrepancy. By combining different percentages of
bece and fce unit cells, we could obtain the total magnetic
moment of the two-phase structure over the entire range from
pure bce phase to pure fce phase. Fig. 4c shows that the calcu-
lated total magnetic moment could vary from 1.87 puB per atom
for the pure bce phase to 1.15 pB per atom for the pure fec
phase. This therefore confirms that the total magnetic moments
obtained for alloys with two phases strongly depend on their
phase combination. This is the first report on the role of phase
combination on the magnetic moment of the alloy, which could
be used to explain the differences in Mg values found for FeNi
alloys with the same composition reported in the literature. For
our case with the bee-to-fec combinations of 63% to 37% for CC
NPs and of 52% to 48% for COh NPs, this difference (0.1 puB per
atom, Fig. 4c) is found to be quite significant. It should be noted
this difference is also expected to be larger in the nano-regime
because of the larger defect sites, boundary effects and surface
effects.

In conclusion, the magnetic properties of well-defined
concave cubic and cuboctahedron nanoparticles with the same
composition but different shapes and two-phase combinations
have been investigated by detailed magnetization experiments
and VASP calculations. We show that these NPs with the specific
shapes and two-phase combinations but the same composition
could be easily produced on Si(100) by electrochemical depo-
sition using appropriate electrolytes. The saturation magneti-
zation and coercivity are found to be different for CC and COh
NPs, and these differences have been correlated with the surface
anisotropy and different two-phase combinations of bee and fec
phases inside the nanoparticles. Large-scale VASP computa-
tional study of the role of different two-phase combinations for
a particular composition of FeNi alloys has also been carried
out. These calculations offer new insights into magnetic prop-
erties of both bulk and nanoalloys consisting of two crystalline
phases and can be used to explain the observed differences. In
addition to the particle shape, the two-phase combination could
therefore provide an important parameter and must be
considered in further controlling the magnetic properties of
bimetallic alloy nanoparticles.
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