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Iron nanoparticles are among the most promising low-dimensional materials in terms of applica-
tions. This particularity is attributable to the magnetic properties of these nanoparticles, which
exhibit different allotropes as a function of temperature. In this work, we sought to characterise at
the atomic scale how their structural and magnetic transformations can be affected by the size. To
achieve this objective, we developed a tight-binding model incorporating a magnetic contribution
via a Stoner term implemented in a Monte Carlo code to relax the structure and the magnetic state.
Using our approach, we show that magnetism is strongly reinforced by the surface, which leads
to increase the Curie temperature as the size of the particle decreases contrary to the solid-solid
transition temperature. Our work thus provides a deep understanding at the atomic scale of the key
factors that determines the structural and magnetic properties of Fe nanoparticles, shedding more
light on their unique character which is crucial for further applications.

I. INTRODUCTION

Iron is a very abundant element on Earth, and its use
and mastery has been a milestone in the history of hu-
manity giving rise to the Iron Age period. This particu-
larity is mainly due to its unique versatility, which derives
largely from its polymorphic nature. Indeed, one of the
main characteristics of Fe is its highly diverse and com-
plex phase diagram, with a number of closely correlated
structural and magnetic phase transitions1–3. More pre-
cisely, its thermodynamic phase diagram presents four
solid phases in addition to the liquid one4,5. Further-
more, iron transits from the body-centered cubic (BCC)
α phase to the face-centered cubic (FCC) γ phase around
1200 K. In this context, a detailed understanding of the
mechanisms of α (ferrite) to γ (austenite) transformation
of iron is of primary importance in materials science for
various applications, but also for the fundamental theory
of phase transitions in solids6,7. However, the mecha-
nisms underlying this structural transformation are not
so trivial since it is closely related to a transition from a
ferromagnetic (FM) to a paramagnetic (PM) state.

In addition, Fe nanoparticles (NPs) are an important
class of nanomaterials offering high potential as magnetic
recording media, catalyst for steam reforming or even
green material to prevent environmental pollution8–10

due to their high surface area to volume ratio leading
to unique physical features. More specifically, these ef-
fects are directly due to a heterogeneous surface present-
ing different surface sites with specific properties which
are preponderant for small sizes11–13. Compared to bulk
counterparts, size reduction can have a major impact on

physical properties such as melting temperature14, sur-
face energies15,16 as well as mechanical properties17,18.
This can be particularly important in the case of iron
NPs if structural transformations and magnetic proper-
ties differ from the bulk impacting their use in a range of
applications. A typical example is the growth of carbon
nanotubes from iron nanoparticles, where the final struc-
ture of the tubes, and therefore their electronic prop-
erties, depends on the physico-chemical state of the Fe
catalyst and above all its crystallographic structure19–23.
However, we still lack a reliable quantitative understand-
ing of phase transformations in case of Fe NPs. More
precisely, it is well known that the magnetism plays a key
role in different characteristics of bulk iron in its various
crystal structures24,25. Regarding Fe NPs, the impact of
magnetism on phase transformations is not obvious and
deserves more studies on this topic.

To address this issue, large-scale atomic simulations
are perfectly suited although they are generally still lim-
ited by the transferability of interatomic potentials26

and, in the particular case of iron, have to explicitly take
into account the magnetic degree of freedom. In this re-
spect, efforts to model iron-based materials at the atomic
scale have been carried out, both to improve fundamen-
tal understanding of different properties and to guide the
development of materials for specific applications25,27.
Many studies on bulk iron have therefore revealed that
thermodynamic properties such as α to γ phase trans-
formation can be captured using interatomic potentials
including magnetism, which plays a crucial role3,28–30.
To the best of our knowledge, no study has been de-
voted to characterising the phase transformation of iron
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nanoparticles at the atomic scale. From an experimen-
tal point of view, High-Resolution Transmission Electron
Microscopy (HRTEM) analysis have shown that Fe NPs
adopt the BCC structure at room temperature. Unfortu-
nately no phase transition has been studied contrary to
other chemical elements from in situ TEM observations
or other techniques31,32. Meanwhile, previous theoretical
works based on phenomenological interatomic potentials
have shown that the NP’s size has a significant effect on
phase transformations such as α to γ structures33,34 or
melting properties35–37. In all cases, atomic relaxations
are of course considered whereas the magnetic contribu-
tion is implicitly considered since the fitting of the model
parameters is based on spin-polarised DFT calculations.
In addition, there are numerous models on the variation
of magnetism with NP size, which are mainly based on
effective models from rigid lattice38,39 or DFT calcula-
tions40. Furthermore, the magnetic moments of metallic
NP and especially Fe at different temperatures have been
studied with contradictory conclusions regarding the de-
pendence of the Curie temperature (TC) on the size of
the NP. According to Heisenberg model by application
of a mean field approximation, it is commonly admitted
that TC is related to the average coordination number41.
As a result, it is expected to decrease in case of thin films
compared to the bulk counterpart as well as with decreas-
ing NP size. However, radically opposite conclusions are
achieved when studies are based on electronic structure
calculations. Within this framework, the magnetic order
is reinforced by the surface42 since the reduction in co-
ordination number leads to a sharper density of state43.
Consequently, the TC is expected to increase as the size
of the NPs decreases. Such a dependence has been re-
ported experimentally for Co, Ni and Fe NPs of very
small sizes44,45.

In this work, we investigate how the structural (solid
to solid) and magnetic (FM to PM) transitions are cor-
related and their dependence on the size of Fe NPs. Our
study is carried out with a magnetic interatomic poten-
tial based on the tight-binding (TB) framework that we
specifically developed for this purpose. It is based on
the fourth-moment approximation for the band term en-
abling some of the magnetic characteristics of iron to be
captured successfully with the simplest possible model in
terms of moments. This potential is coupled to a Monte
Carlo (MC) code in the canonical ensemble where trials
of atomic displacements as well as fluctuations of local
magnetic moments are performed to reach the thermo-
dynamic equilibrium state of the studied systems. We
show that this approach is perfectly suited to deal with
large Fe NP systems (up to ∼ 5 nm) and thus revealing
the influence of their size on the solid to solid transition.
Furthermore, the detailed analysis of the local magnetic
moment helps to understand how its strengthening at the
surface in case of small NPs has a major influence on the
evolution of TC.

II. RESULTS AND DISCUSSION

A. Bulk iron system

Figures 1 and 2 provide two examples illustrating the
ability of our TB model in characterising the properties
of Fe at 0 K but also at finite temperature.

FIG. 1. (a) Total energy ferromagnetic (FM) and nonmag-
netic (NM) calculations and (b) total magnetic moment as a
function of atomic volume for BCC (blue), FCC (green), and
HCP (orange) at 0 K.

First, the relative stability of the various phases, as
well as the influence of magnetism on the system can be
determined from the energy versus atomic volume curves
plotted in Figure 1a. As already discussed25,46–48, ferro-
magnetism clearly plays a major role in determining the
stability of bulk Fe structures. Our TB model confirms
that the FM BCC phase is found to be the ground state
while the FCC phase is the most stable one in the case of
non-magnetic calculations. Moreover, our TB model pre-
dicts a magnetic moment equal to 2.41 µB for the BCC
structure which is close to the 2.31 µB values given by
DFT calculations or 2.22 µB from experiments49. To go
further in the validation and transferability of the inter-
atomic potential for studying thermodynamic properties,
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it is fundamental to assess its reliability at finite temper-
atures. A particular challenge in our study of Fe NPs is
to derive an interatomic potential able to describe solid
to solid phase transformation and the Curie temperature.
Before considering the complex case of a NP, it is there-
fore judicious to assess our TB model on a bulk system.
In the following a BCC system containing 250 Fe atoms is
considered from which off-lattice MC simulations are per-
formed including atomic relaxations, lattice expansion as
well as magnetic moment fluctuations.

FIG. 2. (a) Structural evolution as a function of temperature
of a bulk Fe system containing 250 atoms. (b) Distribution
of local magnetic moments in the ferromagnetic (at 0.4T∞

C )
and paramagnetic (at 2.0T∞

C ) regimes.

To characterize the phase transformation, we then per-
formed heating MC simulations i.e. the simulation at
the next temperature starts from the previous converged
configuration of the last temperature. Moreover, to char-
acterise the structural transition, box relaxations are also
included corresponding to MC trials on the amplitude of
the box along its three directions while constraining an
orthogonal structure. From these calculations, it is then
possible to estimate the Curie temperature T∞

C where the
magnetization drops from 2.41 µB to zero (see Fig. S2
of the Supplemental Materials). Furthermore, the struc-
tural evolution is monitored through the variation of the
c/a value with the temperature. The results are pre-
sented in Figure 2. At T < T∞

C the system is of the
BCC FM type (c/a = 1) to reach a FCC PM crystal at

T > T∞
C (c/a =

√
2). To gain an insight at the atomic

level, the structure identification is performed based on
the Ackland-Jones analysis50 using the Ovito software51.
As shown in Figure 2, there is a phase transformation

from a BCC crystal to a system containing mainly atoms
in a FCC environment. To extend this analysis, the dis-
tribution of local magnetic moments in the ferromagnetic
and paramagnetic regimes are displayed in Figure 2b.
At low temperature, a Gaussian-type distribution is ob-
served around the magnetic moment value of the fun-
damental state (2.41 µB). In this ferromagnetic state,
the dispersion is simply due to thermal fluctuations. Af-
ter the complete phase transformation, the distribution
of the magnetic moment is broader and its amplitude
is weaker corresponding to the paramagnetic state. An
exhaustive list of tests for the validation of the poten-
tial highlighting the transferability and robustness of our
potential are presented in Sec. III of the Supplemental
Material.

B. Phase transformations of Fe NP

FIG. 3. Magnetic properties of a Fe NP containing 671 atoms.
(a) Total magnetic moment average as a function of temper-
ature. (b) Local magnetic moment distribution in histogram
forms at different temperatures.

The next step is to investigate at the atomic level the
magnetic and structural phase transitions of Fe NPs. In
the present work, the structures considered are based on
the BCC lattice as observed experimentally at room tem-
perature8,52,53. To highlight size effects, NPs with diam-
eters ranging from 20 to 50 Å (175 to 2459 atoms, re-
spectively) are taken into account. To begin, we focus on
a BCC NP containing 671 atoms and analyse its struc-
tural and magnetic arrangement evolution as a function
of the temperature by performing simulated annealing.
First, the Curie temperature is calculated and presented
in Figure 3a, estimated to be around 1.8T∞

C and therefore
higher than the value obtained for a bulk system. Fur-



4

FIG. 4. (a) Analysis of the local magnetic moment within the
Fe NP containing 671 atoms where slice views are presented
for different temperatures. (b) Local magnetic moment as a
function of the distance from the center of the Fe NP contain-
ing 671 atoms at different temperatures.

thermore, the local magnetic distribution, presented in
a histogram form, shows that the system goes smoothly
from a rather sharp monomodal state to a wider distribu-
tion when crossing from FM to PM state (see Figure 3b).
As already known54, such feature is observed for transi-
tion metals with high d band filling, in contrast to lower
fillings, where a bimodal distribution is obtained in the
PM state. Interestingly, we can note that during the
transition (T= 1.6T∞

C ), the bimodal distribution is not
symmetrical, which tends to suggest that two populations
are present.

To go deeper in this analysis, we consider the evolu-
tion of the local magnetic moments distribution within
the NP during the increase in temperature. As seen in
Figure 4a, the initial configuration exhibits atoms with
identical magnetic moments saturated at the value of
2.41 µB. Unfortunately, our model, based on a simple
description of the electronic structure, is not capable of
capturing the exaltation of the local magnetic moment
due to the surface, already discussed in the literature
via DFT calculations at 0 K38,40. A fifth or sixth mo-
ment approximation of the electronic density of states
would be better but rather expensive in term of CPU
calculations55,56. Nevertheless, this discrepancy does not
prevent us from qualitatively decrypting the magnetic
properties of Fe NPs since it reveals the influence of sur-
faces on the reinforcement of magnetism in case of fi-
nite temperature calculations. Indeed, when we look at
the local evolution of the magnetic moments presented

FIG. 5. Structural evolution of a Fe NP containing 671 atoms
based on the Ackland-Jones analysis. (a) Average configura-
tions as a function of the temperature. (b) Analysis of the
local structure where slice views are presented for different
temperatures.

in Figure 4a for different temperatures, a number of very
pertinent conclusions can be drawn. As the temperature
rises, fluctuations in the magnetic moment inside the NP
are observed. Above the TC (T > 1.6T∞

C ), the range of
amplitudes of the local magnetic moment is very large
with a total sum equal to zero, corresponding to a para-
magnetic state. Interestingly, a visual inspection reveals
that the first atoms to be affected by the magnetic change
as the temperature increases are the bulk ones. Surface
atoms, on the other hand, remain stable up to a threshold
temperature of around 1.6T∞

C . The analysis of the local
magnetism profiles along the radius of the NP presented
in Figure 4b confirms this remark in a more quantitative
way and provides a further step forward. Note that this
analysis is based on an average of the local magnetic mo-
ments in a layer of a given thickness and for a set of MC
configurations. At low temperatures, the local magnetic
moment is constant around a value of ∼ 2.30 µB. When
the temperature rises (T = 1.6 T∞

C ), surface atoms have
strong mi, while for some core atoms (located up to 7.5
Å , i.e. 3 layers) this quantity drops to zero. Then the
surface atoms are also affected by the increase in tem-
perature until they reach an average value close to zero.
This trend is quite expected since it is known that the
local spin magnetic moment can be magnified due to the
decrease in coordination as shown by DFT calculations
at 0 K in case of infinite surfaces57 as well as NPs38,40.
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FIG. 6. Magnetic and structural evolution of a Fe NP containing 2459 atoms. (a) Total magnetic moment average as a function
of the temperature. (b) Local magnetic moment distribution in histogram forms at different temperatures. (c) Local magnetic
moment as a function of the distance from the center of the NP at different temperatures. (d) Analysis of the local magnetic
moment within the NP Fe where slice views are presented for different temperature. (e) Analysis of the local structure where
slice views are presented for different temperatures.

An important consequence of this is that the presence
of surface atoms in Fe NPs tends to delay the magnetic
transition and thus increase the TC compared to a bulk
system. This is in agreement with previous surface stud-
ies highlighting a Curie temperature enhancement due to
strengthened magnetic order at the surface42.

C. Structural phase transition of Fe NP

Figure 5 presents the equilibrium configurations ob-
tained from MC simulations of the NP in form of slice
views to display the structural type of each particle. Ini-
tially, two populations are present: a surface charac-
terised by vertexes, edges and (110) facets, and a core
composed of the BCC type. When increasing the tem-
perature, we can clearly identify the occurrence of HCP
atoms within the structure itself at the expense of BCC-
type atoms. At higher temperatures, a complete phase
transition is obtained with a majority of FCC and HCP
atoms and only ∼10 % of BCC atoms. The presence of
both HCP and FCC atoms is not so surprising insofar
as the two structures are almost degenerate (less than
0.05 eV/at). Moreover, previous work based on empiri-
cal calculations without taking magnetism into account
has already shown the presence of these two crystalline

phases in the case of nanoparticles33,58 or nanowires34, as
well as experimentally for systems with quasi-degenerate
HCP and FCC structures59.

D. Size effect on the structural and magnetic phase
transformations of Fe NPs

Consequently, our in-depth study of an iron NP re-
veals that the FM to PM transition propagates from the
core of the NP towards the surface. Insofar as the sur-
face area to volume ratio varies with the size of the NP,
we then sought to better establish the dependence of the
structural and magnetic transitions on the size. In this
context, we consider a BCC NP bigger than in the pre-
vious case which contains 2459 atoms with a diameter
around 5 nm. First, we notice in Figure 6a that the
Curie temperature decreases with size, as expected due
to the smaller contribution of surface magnetism. As
seen in Figure 6c, the analysis of the local magnetism
profiles along the radius of the NP clearly shows that the
contribution of the bulk is much more important than
that of the surface. More precisely, at 1.4T∞

C the mag-
netic reinforcement is strongly localised at the surface (∼
3 Å thickness) with few atoms involved compared to the
number of atoms considered as having a bulk behaviour
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within the NP (∼ 20 Å thickness). In contrast, the struc-

FIG. 7. (a) Magnetization curves for Fe NP of different sizes.
(b) Solid-solid transition temperature of iron nanoparticles at
different temperatures.

tural transition temperature is increased by around 20%
compared with the nanoparticle containing 671 atoms (as
seen in Figure 7b). More generally, we find a mecha-
nism widely discussed and supported in the literature,
establishing that the high surface-to-volume ratio spe-
cific to NPs strongly controls their structural proper-
ties60. A typical example is the melting temperature of
NP where the formation of a liquid surface skin is a pre-
cursor effect of the solid-liquid transition14,61,62. There-
fore the surface/volume ratio variation determines the
decrease of melting temperature with decreasing cluster
size. Finally, we subsequently extended and generalised
this study to a range of NPs with diameters varying from
20 to 50 Å. Results are presented in Figure 7 and point
out that the solid-solid transition temperature increases
with size, contrary to TC. Although theoretical studies
agree with this trend39,63, many of them suggest an oppo-
site tendency where the Curie temperature increases with
the NP size39,64,65. However, it is important to point out
that no study is based on an atomic-scale model that
explicitly includes magnetism and allows atomic relax-

FIG. 8. Magnetization curves for Co FCC NP of different
sizes.

ation. Also, at the experimental level, numerous studies
based on SQUID measurements indicate that the Curie
temperature increases with the size52,53. Nevertheless, a
complete and exhaustive work based on molecular beam
deflection measurements clearly shows that for small NPs
(close to the sizes considered here) the Curie temper-
ature decreases when the size of the NP increases44,45.
This conclusion is supported by an analysis of several el-
ements (Fe, Co and Ni) while mentioning that the struc-
tural transition peculiar to iron makes the analysis of
the results delicate. Similarly to this study and in order
to generalise our conclusions, we also considered Co NPs
which have the advantage of not being subjected to struc-
tural transformations, unlike iron. This therefore enables
us to probe directly the dependence of the magnetic tran-
sition on the size of the nanoparticles. More details of the
TB model for Co are given in54. As can be seen in the
Figure 8, the Curie temperature decreases with the size
of the NP, which strongly suggests the robustness and
generalisation of our results.

III. METHODOLOGY

A. Magnetic tight-binding model

The interaction between iron atoms is treated within
a semi-empirical TB model43,66 where only d orbitals are
taken into account67. We employ the recursion method
to calculate the local density of electronic states ni(E)
at all atomic sites i68,69. In addition, the magnetic con-
tribution is introduced via the Stoner model70 by con-
sidering the presence of local exchange fields in the band
energy term giving rise to two spin populations within
the collinear approximation. The technical and theo-
retical aspects concerning our TB model to handle the
magnetic cobalt system and its extension to other tran-
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sition metals as well as its transferability are provided
in54,71. A brief description is also given in Sec. I of the
Supplemental Material.

Meanwhile, it has been necessary to extend this cobalt-
specific magnetic TB model to the case of iron, involv-
ing the adjustment of parameters to reproduce several
bulk physical properties. All the difficulty is to define
the relevant quantities specific to Fe, both from a struc-
tural and magnetic point of view, for the development
of an interatomic potential with a high transferability
to study phase transformation of magnetic Fe NPs. In
the present work, the TB parameters have been fitted on
experimental data and density functional theory (DFT)
calculations using the Vienna ab initio Simulation Pack-
age (VASP) code72 to reproduce the lattice parameters,
the cohesive energies, the elastic moduli (bulk modulus
and the shear moduli) and the magnetism state of α and
β bulk Fe phases at 0 K. More details about the descrip-
tion of the Fe-Fe interaction can be found in Sec. II of the
Supplemental Material along with the resulting parame-
ter values in Table S1. This magnetic TB model relies on
local (atomic) energy calculations based on the recursion
method. It is coupled with Monte Carlo (MC) simula-
tions in order to relax the structures at given tempera-
ture where each trial corresponds to randomly choosing
an atom and its displacement as well as its local magnetic
moment.

IV. CONCLUSIONS

To conclude, we have investigated the structural and
magnetic evolution of Fe NPs by means of a specifically
developed TB interatomic potential including a magnetic
contribution. This unique approach has enabled us to
characterise in details the structural and magnetic
properties of iron nanoparticles as a function of their
size. Using our model based on collinear magnetism, we
clearly show that the presence of the surface strongly
contributes to magnetic reinforcement and therefore
to an increase in the Curie temperature, in line with
experimental results. Furthermore, another challenge is
to study the influence of non-collinear spin calculations3

on the properties studied here since magnetic evolution
and structural effects can be strongly coupled. This
is currently in progress. Finally, the present work
contributes to a better understanding of the rich physics
that exists at the nanoscale, paving the way to a rational
search for better design of Fe NPs.

SUPPLEMENTAL MATERIAL :

SIZE EFFECT ON THE STRUCTURAL AND
MAGNETIC PHASE TRANSFORMATIONS OF

IRON NANOPARTICLES

Sec. I. Magnetic tight-binding model

In the following, a brief description of the key features
of our interatomic potential for treating magnetic
transition metals and its transferability is provided. For
the technical and theoretical aspects, a detailed account
of the TB model is given in the following references54,71

while the fitting of the parameters to reproduce the
energetic properties of Fe is presented.

In our study, the interaction between iron atoms
is treated within the semi-empirical tight-binding
model43,66 where only d bands are taken into account.
As in non-magnetic systems, the total energy of an
atom i is split in two parts, a band structure term that
describes the formation of an energy band when atoms
are assembled and a repulsive term which empirically
reflects the ionic and electronic repulsions. We employ
the recursion method to calculate the local density of
electronic states ni(E) at all sites71,73. Exact calcula-
tions are made of only the first four continued fraction
coefficients, (a1, b1, a2, b2) corresponding to the first four
moments of the local density of states. In addition,
the magnetic contribution is introduced via the Stoner
model66,70 by considering the physical presence of local
exchange fields in the band energy term giving rise to
two spin populations within the collinear approximation.
Besides, the fourth moment approximation (FMA) is
a good compromise for describing the structural prop-
erties of transition metals54,71 while having a minimal
description of the density of states necessary to take into
account local magnetic on-site levels and thus define two
spin populations. Interestingly, the FMA model is highly
effective to enable a linear scaling of CPU working time
as a function of system size. This magnetic TB model
relies on local (atomic) energy calculations is coupled
with Monte Carlo (MC) simulations in order to relax
the structures where each trial corresponds to randomly
choosing an atom and its displacement as well as its local
magnetic moment. By performing this procedure several
times, it becomes possible to determine the equilibrium
properties of iron nanoparticles of various sizes in terms
of both position and magnetic state.

Sec. II. Iron tight-binding model

In case of transition metals, the electronic structure is
defined by a narrow d band hybridizing with a wider sp-
band corresponding to nearly free electrons. Given that
the cohesion properties of Fe are mainly driven by d− d
bonding, it is only necessary to include d orbitals in the
spin-polarised TB framework67. In our d band model,
the Slater-Koster parameters characterizing the hopping
integrals (ddσ, ddπ and ddδ) are chosen according to the
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ratio -2:1:0 and to decrease exponentially with the fol-
lowing distance dependence r between atoms:

ddλ(r) = ddλ0 exp

[
−q

(
r

r0
− 1

)]
, (1)

where λ = σ, π, δ and q a parameter to be fitted. Regard-
ing the repulsive term, a Born-Mayer expression has been
adopted involving two additional parameters (A and p):

Ei
rep = A

∑
j ̸=i

exp

[
−p

(
rij
r0

− 1

)]
(2)

To capture all magnetic effects, the Stoner exchange in-
tegral I is the only additional parameter to be included
in our TB model. This results in an energy contribution
of − I

4m
2
i
74 where mi is the spin moment in µB units.

Indeed, mi = Ni ↑ −Ni ↓ with Ni ↑ and Ni ↓, respec-
tively the number of electrons in majority and minority
spin bands of an atom i. To get an efficient interatomic
potential, the parameters (ddσ, q, A, p and I) and the
number of electrons Nd have to be adjusted to reproduce
several bulk physical properties of Fe.

ddσ q r0 A p I Nd

1.08 3.29 2.42 0.166 10.5 1.15 7.59

TABLE I. Fe parameters for the magnetic TB-FMA model,
obtained by fitting to DFT reference data. ddσ, A and I are
in eV. r0 is in Å.

All the difficulty is to define the relevant quantities
specific to Fe, both from a structural and magnetic point
of view, for the development of an interatomic potential
with a high degree of transferability to study phase
transformation of magnetic Fe NPs. In the present work,
the TB parameters have been fitted on experimental
data and density functional theory (DFT) calculations
using the Vienna ab initio Simulation Package (VASP)
code72 to reproduce the lattice parameter, the cohesive
energy, the elastic moduli (bulk modulus and the two
shear moduli) and the magnetism state of α and β bulk
Fe phases at 0 K. The resulting parameter values are
given in Table I.

Sec. III. Validity and transferability of the
tight-binding model

The TB parameters have been fitted on experimental
values for the FCC and BCC structures namely the lat-
tice parameter, the cohesive energy and the elastic mod-
uli (bulk modulus and the two shear moduli) as well as
their magnetic properties. All results are presented in
Table II.

As already discussed24,25, ferromagnetism clearly
plays a major role in determining the stability of
bulk Fe structures. It is interesting to note that
our model successfully reproduces the main trends of

this specific physics. Indeed, when magnetism is not
taken into account, the β structure is the most stable.
Such behavior of non-magnetic calculations has been
highlighted in previous calculations25,46. Nevertheless,
magnetic calculations correct this and reproduce the
experimentally stable phase, i.e. the ground-state FM
α-Fe structure which is also successfully predicted by
the TB potential. Moreover, regarding the dependen-
cies of magnetic moments as function of the lattice
parameters, our TB results are in agreement with the
DFT calculations in particular the increase in magnetic
moment as the structures are expanded. To highlight
how the ground state is driven by the magnetism,
the analysis of elastic constants (Cij) is very relevant.
In case of the cubic phase, three independent elastic
constants (C11, C12 and C44) have to be considered,
or even their combination giving rise to the tetragonal
shear modulus, C ′ = (C11 − C12)/2, and the bulk
modulus, B = (C11 + 2C12)/3. Note that a negative
value means that the system is mechanically unstable.
As seen in Table II, they are calculated for non-magnetic
and ferromagnetic BCC and FCC iron from our TB
model, and compared with experimental as well as
DFT results. It is immediately striking that the general
trends are perfectly reproduced by the TB model. More
specifically, it predicts correctly negative values of C ′

for the NM BCC structure and a positive one for the
ferromagnetic BCC confirming its stability respect to
the tetragonal distortion. This particular behaviour
is perfectly illustrated in the analysis of the energy
along the Bain transformation path connecting the BCC
(c/a = 1) and FCC (c/a =

√
2) structures and presented

in Figure 9. Although the energy difference between

FIG. 9. Bain path between the BCC and FCC phases in case
of NM and FM calculations.

the ferromagnetic and non-magnetic configurations is
underestimated by the TB model, the overall trend of the
energy profile is in good agreement with previous DFT
calculations25. Consequently, it can be seen that the TB
model is not only well suited to discriminate between
the different magnetic phases of Fe, but also has the
ability to predict quite subtle characteristics, such as the
link between the magnetism and the structural stability
of the BCC phase under tetragonal deformation. To
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NM NM FM FM
DFT TB-FMA DFT TB-FMA

BCC a (Å) 2.76 2.73 2.83 2.86
Ecoh (eV/at.) -3.81 -4.21 -4.28 -4.24

C11, C12, C44 (GPa) 89, 351, 186 219, 272, 87 278, 144, 97 157, 143, 95

FCC a (Å) 3.45 3.43 3.48 3.58
Ecoh (eV/at.) -4.12 -4.23 -4.13 -4.21

C11, C12, C44 (GPa) 430, 223, 244 306, 233, 81 318, 127, 178 179, 132, 58

TABLE II. DFT and TB calculations of physical properties for non magnetic and magnetic bcc and fcc systems at 0 K.

FIG. 10. (a) Total magnetic moment average of a bulk Fe as a
function of temperature. (b) Average linear volume expansion
coefficient for Fe as a function of temperature (FM and NM
states).

go further in the validation and transferability of the
interatomic potential for studying thermodynamic prop-
erties, it is fundamental to assess its reliability at finite
temperature. In this context, the Curie temperature is
investigated and results are presented in Figure 10a. Our
TB model predicts a T∞

C around 500 K which is much
lower than the experimental value of 1043 K. Improving
the accuracy of the calculated Curie temperature can
be done by tuning the Stoner parameter as explained
in Reference54. However, it turns out that properties
at 0K are more difficult to reproduce in this case.
Nevertheless, this deviation in the calculation of the
Curie temperature does not prevent us from describing
qualitatively structural and magnetic properties of Fe
NPs as we will see in the following since all the results
will be discussed in relation to a value of T∞

C which
is simply a reference in our study. Again with the
aim of studying the behaviour of our TB model at
finite temperature, Figure 10b displays the temperature
dependencies of the thermal expansion coefficient in
case of NM and FM calculations. A linear variation is
then observed for the NM case, in contrast to the FM
calculations where a contraction of the lattice parameter
is reported in agreement with experiments75. Our TB
model is therefore capable of capturing such a feature,
unlike many of the interatomic potentials presented in
the literature.
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I. Lobato, A. Béché, S. Van Aert, and S. Bals, “Three-
dimensional atomic structure of supported au nanopar-
ticles at high temperature,” Nanoscale 13, 1770–1776
(2021).

33 X. Li and J. Huang, “Molecular dynamics studies of the
kinetics of phase changes in clusters III: structures, prop-
erties, and crystal nucleation of iron nanoparticle Fe331,”
J. Solid. State Chem. 176, 234–242 (2003).

34 L. Sandoval and H. M. Urbassek, “Finite-size effects in
Fe-nanowire solid-solid phase transitions: A molecular dy-
namics approach,” Nano Lett. 9, 2290–2294 (2009).

35 Y. Shibuta and T. Suzuki, “Melting and nucleation of iron
nanoparticles: A molecular dynamics study,” Chem. Phys.
Lett. 445, 265–270 (2007).

36 Y. Shibuta and T. Suzuki, “A molecular dynamics study of
the phase transition in bcc metal nanoparticles,” J. Chem.
Phys. 129, 144102 (2008).

37 A. V. Fedorov, A. V. Shul’gin, and S. A. Lavruk, “Inves-
tigation of the physical properties of iron nanoparticles in
the course of the melting and solidification,” Phys. Met.
Metallogr. 118, 572–578 (2017).

38 J. Souto-Casares, M. Sakurai, and J. R. Chelikowsky,
“Structural and magnetic properties of large cobalt clus-
ters,” Phys. Rev. B 93, 174418 (2016).

39 G. Dos Santos, R. Aparicio, D. Linares, E. N. Miranda,
J. Tranchida, G. M. Pastor, and E. M. Bringa, “Size- and
temperature-dependent magnetization of iron nanoclus-
ters,” Phys. Rev. B 102, 184426 (2020).

40 J. R. Eone II, O. M. Bengone, and C. Goyhenex, “Un-
raveling finite size effects on magnetic properties of cobalt
nanoparticles,” J. Phys. Chem. C 123, 4531–4539 (2019).

41 P.J. Jensen and K.H. Bennemann, “Magnetic structure of
films: Dependence on anisotropy and atomic morphology,”
Surf. Sci. Reports 61, 129–199 (2006).

42 M. Polak, L. Rubinovich, and J. Deng, “Observation of
highly enhanced curie temperature at ni-al alloy surfaces,”
Phys. Rev. Lett. 74, 4059–4062 (1995).

43 F. Ducastelle, Order and Phase Stability in Alloys (North
Holland, 1991).

44 I. M. L. Billas, J. A. Becker, A. Châtelain, and Walt A.
de Heer, “Magnetic moments of iron clusters with 25 to
700 atoms and their dependence on temperature,” Phys.
Rev. Lett. 71, 4067–4070 (1993).

45 I. M.L. Billas, A. Châtelain, and W. A. de Heer, “Mag-
netism from the atom to the bulk in iron, cobalt, and nickel
clusters,” Science 265, 1682–1684 (1994).

46 G. Autès, C. Barreteau, D. Spanjaard, and M.-C.
Desjonquères, “Magnetism of iron: from the bulk to the
monatomic wire,” J. Phys.: Condens. Matter 18, 6785

http://dx.doi.org/ 10.3390/nano6110209
http://dx.doi.org/https://doi.org/10.1016/j.enmm.2019.100279
http://dx.doi.org/https://doi.org/10.1016/j.enmm.2019.100279
http://dx.doi.org/ https://doi.org/10.1016/0039-6028(84)90703-9
http://dx.doi.org/10.1021/j100170a009
http://dx.doi.org/10.1021/j100170a009
http://dx.doi.org/ https://doi.org/10.1016/j.progsurf.2005.09.004
http://dx.doi.org/ 10.1103/PhysRevA.13.2287
http://dx.doi.org/ 10.1103/PhysRevA.13.2287
http://dx.doi.org/10.1039/C8CP02346H
http://dx.doi.org/10.1039/C8CP02346H
http://dx.doi.org/ 10.1103/PhysRevB.105.165403
http://dx.doi.org/ 10.1103/PhysRevB.105.165403
http://dx.doi.org/https://doi.org/10.1016/j.actamat.2015.10.027
http://dx.doi.org/https://doi.org/10.1002/smll.202302116
http://dx.doi.org/https://doi.org/10.1002/smll.202302116
http://dx.doi.org/10.1063/1.1770424
http://dx.doi.org/10.1063/1.1770424
http://dx.doi.org/ 10.1103/PhysRevLett.100.195502
http://dx.doi.org/10.1039/c7nr09539b
http://dx.doi.org/10.1039/c7nr09539b
http://dx.doi.org/10.1126/science.aat6228
http://dx.doi.org/ https://doi.org/10.1016/j.colcom.2023.100703
http://dx.doi.org/ https://doi.org/10.1016/j.colcom.2023.100703
http://dx.doi.org/ 10.1103/PhysRevB.60.3839
http://dx.doi.org/10.1103/PhysRevLett.106.246402
http://dx.doi.org/10.1103/PhysRevLett.106.246402
http://dx.doi.org/10.1088/1361-651X/ab8f21
http://dx.doi.org/10.1088/1361-651X/ab8f21
http://dx.doi.org/ 10.1088/0953-8984/23/20/206001
http://dx.doi.org/ 10.1103/PhysRevB.79.094111
http://dx.doi.org/ 10.1103/PhysRevB.79.094111
http://dx.doi.org/10.1103/PhysRevB.81.184202
http://dx.doi.org/ 10.1103/PhysRevB.96.094418
http://dx.doi.org/10.1021/nn900220k
http://dx.doi.org/10.1039/D0NR08664A
http://dx.doi.org/10.1039/D0NR08664A
http://dx.doi.org/ https://doi.org/10.1016/S0022-4596(03)00414-6
http://dx.doi.org/10.1021/nl9004767
http://dx.doi.org/https://doi.org/10.1016/j.cplett.2007.07.098
http://dx.doi.org/https://doi.org/10.1016/j.cplett.2007.07.098
http://dx.doi.org/10.1063/1.2991435
http://dx.doi.org/10.1063/1.2991435
http://dx.doi.org/10.1134/S0031918X17040020
http://dx.doi.org/10.1134/S0031918X17040020
http://dx.doi.org/ 10.1103/PhysRevB.93.174418
http://dx.doi.org/10.1103/PhysRevB.102.184426
http://dx.doi.org/10.1021/acs.jpcc.8b11763
http://dx.doi.org/https://doi.org/10.1016/j.surfrep.2006.02.001
http://dx.doi.org/ 10.1103/PhysRevLett.74.4059
http://dx.doi.org/10.1103/PhysRevLett.71.4067
http://dx.doi.org/10.1103/PhysRevLett.71.4067
http://dx.doi.org/ 10.1126/science.265.5179.1682
http://dx.doi.org/10.1088/0953-8984/18/29/018


11

(2006).
47 A. T. Paxton and M. W. Finnis, “Magnetic tight binding

and the iron-chromium enthalpy anomaly,” Phys. Rev. B
77, 024428 (2008).

48 A. T. Paxton, “From quantum mechanics to physical met-
allurgy of steels,” Materials Science and Technology 30,
1063–1070 (2014).

49 Chu-Chun Fu, F. Willaime, and P. Ordejón, “Stability
and mobility of mono- and di-interstitials in α-fe,” Phys.
Rev. Lett. 92, 175503 (2004).

50 G. J. Ackland and A. P. Jones, “Applications of local
crystal structure measures in experiment and simulation,”
Phys. Rev. B 73, 054104 (2006).

51 A. Stukowski, “Visualization and analysis of atomistic sim-
ulation data with ovito-the open visualization tool,” Mod-
elling Simul. Mater. Sci. Eng. 18, 015012 (2009).

52 E. E. Carpenter, “Iron nanoparticles as potential magnetic
carriers,” J. Magn. Magn. Mater. 225, 17–20 (2001).

53 J. Carvell, E. Ayieta, A. Gavrin, Ruihua Cheng, V. R.
Shah, and P. Sokol, “Magnetic properties of iron nanopar-
ticle,” J. Appl. Phys. 107, 103913 (2010).

54 A. Front, G. D. Förster, V.-T. Tran, C.-C. Fu, C. Bar-
reteau, F. Ducastelle, and H. Amara, “Simulation of ther-
modynamic properties of magnetic transition metals from
an efficient tight-binding model: The case of cobalt and
beyond,” Phys. Rev. B 105, 144101 (2022).

55 S. Glanville, A. T. Paxton, and M. W. Finnis, “A com-
parison of methods for calculating tight-binding bond en-
ergies,” J. Phys. F: Met. Phys. 18, 693 (1988).

56 M. Nastar and F. Willaime, “Tight-binding calculation of
the elastic constants of fcc and hcp transition metals,”
Phys. Rev. B 51, 6896–6907 (1995).

57 R Soulairol, Chu-Chun Fu, and C Barreteau, “Structure
and magnetism of bulk fe and cr: from plane waves to
lcao methods,” Journal of Physics: Condensed Matter 22,
295502 (2010).
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