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Combining Basin Hopping structure searching algorithm and density functional theory, the iron carbide clusters FexCy (x ≤
8; y ≤ 8) and the clusters with various stoichiometry (Fe2nCn, Fe3nCn, FenC2n, FenC3n, FenC4n (n = 1 ~ 7), Fe5nC2n, Fe4nCn (n = 1 ~
5)) are predicted. The stable structures of iron rich carbide clusters are composed of C-C dimers or single C atoms on the
surface of clusters, which are remarkably different from their corresponding bulk structures, where the carbon atoms are
atomically distributed in the iron matrix. The most stable carbon rich clusters are highly diverse in topology (bowl, basket,
plane, shoe, necklace, etc.) with long carbon chains. The Bader charge analysis shows that the size effect on iron carbide
clusters is an electronic tuning. The large carbon-rich clusters appears even under low carbon chemical potential, while
small iron-rich clusters are only energetically stable in high carbon chemical potential, indicating that to change the carbon
chemical potential can tune the morphology (size and stoichiometry) of iron carbide clusters. These may help us
understand the catalytic activity of iron and iron carbides in the reactions such as Fischer-Tropsch synthesis and carbon
nanotube formation process.
5

Introduction
In the chemical industry, iron carbides (Fe2C, Fe2.2C, Fe5C2,
Fe3C, etc.) are known to be the active phases in iron-based
Fischer-Tropsch synthesis (FTS),2 which coverts CO and H2 to
clean liquid fuels and valuable chemicals. Recently, iron
particles were found to be able to catalyse the formation of
carbon nanotubes3, 4 which are among the most promising
materials in the 21st century, with iron carbide possibly being
the intermediate state on the catalyst surface.
For the bulks, ε-Fe2C, ε’-Fe2.2C, Fe7C3, χ-Fe5C2 and θ-Fe3C
are commonly reported iron carbide phases. Their structures
can be regarded as a distorted metal lattice with chains of
carbon atoms running through them.5 Carbon atoms occupy
the octahedral interstitials in ε-Fe2C or ε’-Fe2.2C phases and
trigonal prismatic interstitials in Fe7C3, χ-Fe5C2 or θ-Fe3C
crystals. The crystal lattices of ε-Fe2C, ε’-Fe2.2C, Fe7C3, χ-Fe5C2,
and θ-Fe3C are hcp to monoclinic, hcp, orthorhombic,

monoclinic, and orthorhombic respectively.
Despite extensive work on the bulk and surfaces of iron
carbides, its cluster forms are rarely studied. The 0D cluster
model (as a supplement of 3D bulk and 2D surface model) is
essential for catalysis. First, the perfect surface model cut
from crystal that used before may not be so much perfect.
6
For instance, in 2012, Yang et al., found that the Fe5C2
nanoparticle, which can catalyse FTS, is a core-shell structure
(crystal core and amorphous shell). Second the amorphous
surface of iron carbide may be “liquid” as iron carbide
7, 8
clusters. Finally, iron carbide clusters have novel chemical
9
performance in store. For instance, recently Li et al. obtained
high intensities of FeC6 and FeC4 by the laser ablation
method, and identified that methane can be activated by
FeC6 under thermal collision conditions.
In experiment, using gas-phase photo dissociation, Hettich
10
+
et al. assigned the bond energy of Fe -C as 94±7 kcal/mol.
+
+
+
Various main iron carbide fragments (Fe7C8 , Fe8C12 , Fe9C10 ,
+
+
+
Fe10C11 , Fe12C12 , Fe8C12 , FexC4 (x = 1, 2, 3, 4), FeCy (y = 3 ~
11-13
5), etc.) were detected by mass spectrum.
Based on gas
phase ion chromatography and the calculation of the mobility,
12
von Helden et al. proposed that FexC8 (x = 4 ~ 8) were
either linear or cyclic, while Fe2Cy (y = 3 ~ 8) were purely
monocyclic rings with the two iron atoms as nearest
neighbours and Fe3Cy (y = 3 ~ 7) were three dimensional. By
photoelectron spectra, the electron affinities of FeC2, FeC2 ,
14
15, 16
FeC3, and FeC4 were measured to be 1.91 eV , 1.98 eV
,
17
17
1.69 eV , and 2.2 eV , respectively. Using resonant two18
photon ionization spectroscopy, Brugh et al. determined
the ionization energy of FeC (7.74 ± 0.09 eV) and the
19
+
dissociation energy of FeC to be 3.9 ± 0.3 eV, using FeC as a
reference state. Via millimetre/submillimetre direct
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20

absorption techniques, Allen et al. obtained the pure
3
rotational spectrum of the FeC radical (x Δi). The Higherresolution (0.001 nm) 1 + 1 R2PI spectra of the first stronger
peaks of FeCn(n = 3 ~ 6) were detected at 266.75, 287.61,
13
287.87, and 278.43 nm respectively.
In theoretical side (see Table S1 from supporting
information), previous studies were focused on FeCy (y = 1 ~
17, 21-43
21-31
27, 31
particularly the FeC
cluster. FeC5
was
15),
26, 27, 31, 34
31, 41
determined to be linear and FeCy (y = 2,
10,
11 ~
41
15 ) were proposed to be monocyclic. However, there were
some debates on the topology of FeCy clusters (y = 3, 4, 6 ~ 9).
26, 31, 34
Some
of them argued that they are monocyclic, while
27, 41
others
believed that they are linear with the iron atom at
one end of the chain. In present, to my knowledge, only fan13
like FeC3 and FeC4 have been verified by experiment. Harris
44
et al. suggested FexC (x = 1 ~ 6) to be close packed. Ryzhkov
40
et al. performed large-scale calculations from FeC4 to Fe7C8
with a Fe/C ratio of about 1/1 and proposed that the isomers
with ferromagnetic orderings of spins on Fe atoms are
relatively stable so that these clusters can serve to obtain
high magnetic moment molecular objects.
To provide more solid structural information for iron
carbides, in this work, we extend the bulk, surface and small
iron carbide clusters studied in the last decade to more
practical clusters systems. A configuration search method, socalled Basin Hopping Monte Carlo based on density
functional theory (DFT) is developed to predict/explore the
structures and stabilities of small iron carbide clusters (up to
Fe8C8) and some large clusters with fixed Fe/C ratios (1/2, 1/3,
1/4, 2/1, 5/2, 3/1, 4/1). Starting with the predicted clusters,
the structural, electronic, magnetic and stability are
investigated. Finally, we use CO as probe molecule to study
the difference between surfaces and clusters. The current
work intends to provide the information of methodology,
properties and application on iron carbides clusters.

Computational details
Basin Hopping is a class of Monte Carlo based structure
search techniques that transform the searching potential
energy surface to many discrete steps without changing the
45
potential energy of local minima. “Monte Carlo plus energy
minimization” (MCPEM) that perturbs the latest set of
coordinates and carrying out a minimization from the
46
resulting geometry was originally proposed by Li et al. In
this approach, a new step would be rejected only if Enew is
greater than Eold and exp[(Eold - Enew)/kT] is less than a random
47
number drawn from the interval [0, 1). Rondina et al.
revised the Basin-Hopping Monte Caro Algorithm by bringing
together novel structural perturbation methods, which was
proven to be successful for cluster and nanoparticle
optimization. In this work, we apply the simple “randombonding” perturbation operator and keep the underlying
algorithm of MCPEM unchanged, which will be called the
“random-bonding plus minimization” (RBPM) method. In the
“random-bonding” perturbation process, we pick out two
atoms of a local minimum randomly to form a new bond (one

atom moves toward the other one). We build the initial seed
structures from two ways: cutting from crystal bulk or adding
40
atoms on small stable clusters (just as ‘‘binomial’ scheme ).
500 steps and 3000 K temperature are set for the structural
searching. The new bonds among the atoms are controlled in
the following range: C-C (1.20 ~ 1.55 Å), Fe-C (1.50 ~ 2.31 Å),
48
and Fe-Fe (2.2 ~ 2.85 Å). This perturbation scheme can
generate reasonable structures for the SCF procedure as well
as the local geometry optimization to achieve convergence,
because the coordinates of most of the atoms are kept
unchanged, and the moved atom is placed relatively
reasonably. However, because there are a large number of
isomers, particularly for large iron carbide clusters, it is not
very efficient to explore the structure space of these by oneatom type structure variations. However, this method is a
very promising simple tool for exploring the structures of
small clusters.
For the DFT calculations related to structure searching, we
49, 50
program implemented in the Material
use the DMol3
Studio package, because it produces highly accurate results
with a relatively low cost. Spin-polarization is included for
iron systems to correctly account for the magnetic properties
during the searching process. The general gradient
approximation (GGA) is implemented in the Perdew-Burke51
Ernzerhof correlation (PBE ) form, which was applied by
40
Ryzhkov et al. for iron carbide clusters. A Double Numerical
49
plus polarization (DNP ) basis is used which was
benchmarked to give accurate structural and energetic
52
results. The norm conserving Density functional Semi-core
Pseudo Potentials (DSPP) is used, which are generated by
fitting all-electron relativistic DFT results. In order to
53
accelerate self-convergence, a smearing gap of 0.005 Ha is
used. All the stable iron carbide clusters are also been re54,
optimized by the Vienna Ab-initio Simulation Package (VASP
55
)/PBE to make comparisons with the bulks. The wave
function is expanded in a plane wave basis set and electronion interaction was described by the projector augmented
wave method with energy cutoff of 500 eV. The semi-core p
6
7 1
states are treated with valence electrons of 3p 3d 4s for
2
2
2
4
iron-potential, 2s 2p for carbon-potential and 2S 2p for
oxygen. The convergence criteria is set with the tolerance of
−5
10 eV for SCF energy, 0.01 eV/Å for maximum force. The
clusters calculated by VASP are placed in a 20 × 20 × 20 Å
unit cell which is large enough for the interaction between
clusters in neighbouring cells to be negligible. The calculated
lattice parameters of iron carbide bulks are listed in Table S3.
Brillouin zone integration is approximated by a sum over
56
special k-points chosen using the Monkhorst–Pack scheme.
We use(5 × 6 × 9), (2 × 5 × 5), (5 × 5 × 6), (6 × 6 × 6) kmeshes for η-Fe2C, χ-Fe5C2, θ-Fe3C, Fe4C respectively for the
unit cell. The χ-Fe5C2(111) slab at 0.621 (1.939 Å) with a
thickness of 3.441 (10.745 Å) and the vacuum of 10 Å is built
for analysis of the density of states (see Figure S1). The
57-60
average Bader charges
of FTS-ratio clusters and bulks are
also analysed.
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FexCy (x ≤ 8; y ≤ 8) clusters
As shown in Figure 1, the searched ground state structures
of FeCy (y = 1 ~ 8) vary from fan-like and linear to monocyclic,
21
which agrees with the findings by Nash et al. for FeCy (y = 1
40
~ 3) and Ryzhkov et al. for FeC4. From FeC2 to FeC6, the
relative energies of the fan-like structures (compared to the
linear ones) are -0.04 eV, -0.17 eV, -0.19 eV, 0.67 eV, and
0.35 eV respectively, while the mono-cyclic structures of FeC7
and FeC8 are -0.69 eV and -0.29 eV. In brief, a carbon chain
prefers to form upon or around the iron atom.
When only one carbon atom is available (FexC, x = 1 ~ 8),
carbon atom tends to stay on the ends or edges of the
clusters rather than in the inner core. With an increase in the
number of carbon atoms, the carbon atoms in FexCy (x=1-7; y
= 1-8) start to form C-C dimers, trimers and C-C-C-C linear
tetramers. However, there are single carbon atoms in Fe8C4,
Fe8C6, and Fe8C8, which are very different from the cases in
Fe1Cy ~ Fe7Cy. In general, from left to right, iron atoms are
pulled apart by the addition of carbon atoms; from down to
up, more and more carbon chains begin to form. The most
stable structures of FeC4, Fe3C2, Fe3C3, Fe5C4, Fe5C6, Fe7C7 and
Fe7C8 clusters are the same as those reported in literature by
40
Ryzhkov et al. This confirms that our RBPM method is
indeed suitable for studying small clusters. The Fe8C8 cluster
with the highest symmetry D2d may be one of the magic
clusters.
Iron-rich clusters

Figure 1. The most stable structures of FexCy (x ≤ 8; y ≤ 8) obtained by “randombonding plus minimization”. Olive for carbon atoms; Orange for iron atoms.

The Fe2nCn and Fe3nCn clusters (n = 1 ~ 7) as well as the
Fe5nC2n and Fe4nCn (n = 1 ~ 5) clusters, in which the
stoichiometry is most relevant in the Fischer-Tropsch
synthesis (which can be called “FTS-ratio” clusters) and
carbon nanotube synthesis, are also predicted by RBPM
(Figure 2).

Figure 2. The geometrical configurations and the relative energies (eV) of the most stable FTS-ratio clusters corresponding to different carbon distributions. Olive for carbon
atoms; Orange for iron atoms.
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The most stable isomers with a single C atom, C-C dimer,
and C-C-C trimer fragments are taken for analysis. For all the
clusters with the same number of Fe and C atoms, the most
stable isomers are always those with single C atoms or C-C
dimers; those with C-C-C trimer units are 0.43 ~ 2.24 eV high
in energy. Once again, the structures with carbon atoms
embedded in the cluster are found to be relatively unstable
for most of clusters. This is probably because the saturated
coordination number of carbon is less than that of iron, which
makes it not appropriate to be the inter-connecting nodes in
the core. For example, the Fe25C10 cluster where the C atom is
embedded in the inner core is higher in energy by 6.32 eV
than its most stable isomer where the carbon is on the
surface.
Carbon-rich clusters
Different to iron-rich clusters, the topology of carbon-rich

carbide clusters is more complicated. As one can see from
Figure 3a, none of the structures predicted prefer to be
close-packed type. The Fe5C10 cluster is searched to be like
the open shell of a clam; Fe6C12 likes a basket with one bar;
Fe7C14 likes a bowl; Fe6C18 likes a shoe without the sole;
Fe5C15, Fe6C24, and Fe7C21 like ear-rings; Fe3C9, Fe4C12, Fe3C12,
and Fe4C16 are planar; Fe5C20 and Fe7C28 like coral.
Interestingly, in Fe7C28, C5 and C6 pure carbon ring are found.
Comparison with its bulk
The density of states (DOS) of the most stable Fe5C2 (n = 1
~ 5) clusters and the Fe5C2 (111) surface are calculated by
VASP/PBE. As plotted in Figure 3b, Fe5C2 is semi-conductive,
while Fe10C4 is half metallic. Fe15C6, Fe20C8, and Fe25C10 are all
conductive. The Fe25C10 cluster and Fe5C2 (111) surface have
almost the same shape of DOS. These phenomena indicate
that there is a huge size effect on electronic configurations,

Figure 3. (a) The searched ground structures of FexCy with rich carbon obtained by RBPM. Olive for carbon atoms; Orange for iron atoms. (b) The density of states of
Fe5nC2n (n = 1 ~ 5), as well as of Fe5C2(111) surface. (c) The average bond length of Fe-Fe, Fe-C, and C-C as a function of total atom number. (d) The average Bader
charge of iron, carbon as a function of total atom number.
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and the transition from semi-conductor to metal occurs when
the number of Fe atoms is in the range of 5 ~ 10. The d
orbitals of iron play a predominant part in the energy levels
around the Fermi energy. Thus the chemical reactivity of the
clusters is largely attributed from iron atoms.
The average bond length (ABL) of Fe-Fe, Fe-C, and C-C are
measured for searched ground FTS-ratio iron carbide clusters,
as shown in Figure 3c. The cut-off distances are set to 3.5 Å
for Fe-Fe, 2.8 Å for Fe-C, and 1.8 Å for C-C. For comparison,
the corresponding ABL of the optimized crystal cells of ε-Fe2C,
Fe4C, θ-Fe3C, and χ-Fe5C2 are also measured. The size and the
ABL of Fe-Fe increase simultaneously, while the length of FeC oscillates around the ABL of Fe-C in bulk. However, there
little change in the ABL of C-C. We can roughly speculate that
with increasing cluster size, the ABL of Fe-Fe would be
enlarged so that the carbon atoms could penetrate into the
spaces among the iron atoms (reference to bulk phase). In
another words, small iron clusters may have a relatively
higher inner Fe-Fe strain and lower carbon solubility which
might cause different catalytic performance compared to
surface or bulk.
The decrease of the ratio of Fe/C (from Fe4C to Fe3C to
Fe5C2 to Fe2C) can induce the electron loss of iron on both
bulk and clusters. Besides the Fe/C ratio, the size effect also
plays an important role on charge transfer. From Figure 3d,
one can find that larger clusters, more electrons transfer
from iron to carbon, that is, more positive on iron and more
negative on carbon. For instance, for Fe4nCn (n = 1 ~ 5)
clusters, the average Bader charges of iron atom changes

from 0.20, 0.15, 0.23, 0.25 to 0.26, approaching 0.31 in the
Fe4C bulk, while the carbon’s charge is from -0.78, -0.6, -0.9, 1.0 to -1.0, approaching -1.3 in the bulk. Therefore, the
absolute charges on both iron and carbon increase. Such size
effect on the charge distributions is a potential way to
modulate catalytic performance, indicating that the size
effect on iron carbides is an electronic tuning.
Most of the searched ground state clusters prefer to be
ferromagnetic based on spin moment ordering analysis. The
average magnetic moment of iron (Figure 4a) slightly
decreases but fluctuates violently as the cluster size increases.
Overall, the magnetic moments of iron in clusters are larger
than that of in their corresponding bulks. Despite the
disorder in the magnetism of the clusters, the stability of the
clusters, which is indicated by the cohesive energy (CE, see
Figure 4b). Since the CE is a positive correlation to the
stability when x/y is fixed, the downward trend of the CE
indicates that the atomization energy or dissociation energy
of big clusters is larger than that of the small ones. When the
Fe/C ratio increases, the CE decreases. Considering the
topology of the ground state clusters (carbon atoms prefer to
form more C-C in carbon-rich clusters and more Fe-C in ironrich clusters), the C-C or Fe-C bond strengths are relatively
than Fe-Fe in these sizes, which also can be confirmed by the
corresponding bonding energy, D298K0 =~ 610 kJ/mol for the
single C-C bond, D298K0 =~ 376 kJ/mol for Fe-C bond and D298K0
=~ 75 kJ/mol for Fe-Fe bond.61
To further understand the thermodynamic stability of
these clusters, the effect of temperature and atmosphere
conditions are considered using ab-initio atomic
thermodynamics approach. The carbon chemical potentials of
the various clusters are plotted in Figure 5a in CO/CO2
atmosphere based on reactions of xFe(bcc) + yC = FexCy. The
chemical potential of carbon (ΔµC) in gas phase is determined
using the reaction of 2CO = CO2 + C.
Δμ _cluster  E



  ∙ E(

Δμ (T, P))*+  2μ , -T, P . /  μ

) !/#

,0 -T, P

 μ (0K, 0Pa)

.

 μ (0K, 0Pa)

/ 1 RT ln

4 ,5
∙ 4 ,0

(1)

P6

(2)

All the searched ground state clusters are taken into
consideration, as shown in the component matrix in Figure
5b. One can see that large size iron carbide clusters with low
Fe/C ratios can appear in even low CO/CO2 ratio atmosphere,
while small size iron-rich clusters only exist in very high
CO/CO2 ratio atmosphere.

Figure 4 (a) Net magnetic moment of iron as a function of total atom number in
clusters; (b) the cohesive energy of iron carbide clusters as a function of total atom
number in clusters.
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Figure 5. (a) The critical carbon chemical potential in mixed CO/CO2 for iron carbide clusters (dotted lines) and bulks (solid lines); (b) The component matrix of iron carbide
clusters under different carbon chemical potential corresponding to a.

Therefore we propose that to change the CO/CO2 ratio can
tune the morphology (size and stoichiometry) of iron carbide
clusters. Carbon-rich clusters would form preferentially
around the surfaces of iron carbide. Because the carbon
chains can reconstruct the crystal surface, it’s worthwhile to
deeply discuss the performance of carbon rich clusters on
iron carbide surfaces.
Adsorption behaviour is often used to identify the
difference on the surface structure. Here, we use CO as a
probe molecule to study the adsorption behaviour of clusters
and surfaces (Table 1). CO tends to bond to two iron atoms
on Fe5C2 cluster, but top adsorption on Fe15C6, Fe20C8, Fe25C10
clusters. So the adsorption energy of Fe5C2-CO is obviously
higher the other larger clusters. When CO bond to either
surfaces or clusters, the red shift of CO would happen from
2125 cm-1 to 1930 ~ 1557 cm-1, and the bond length of CO
would be elongated from 1.143 Å to 1.174~1.236 Å. By
comparison, Beagley et al.62 determined the bond distance of
CO as 1.152 Å for Fe(CO)5 from gas-phase electron diffraction.
The harmonic vibrational frequencies are experimentally

Table 1. The most stable adsorption type of CO on the surfaces of Fe5C2 and clusters.

Fe5C2(010)0.251

Adsorption
type*
4F/2.160

-2.01

1.207

1697

Fe5C2(100)0.001

3F/2.051

-1.93

1.206

1701

Fe5C2(110)0.001

3F/2.044

-2.07

1.203

1750

Fe5C2(110)0.501

4F/2.017

-1.96

1.236

1557

Eads (eV)

rC-O (Å)

vC-O (cm-1)

Fe5C2(111)0.001

1F/1.770

-2.10

1.177

1914

Fe5C2(11-1)0.001

1F/1.768

-2.00

1.174

1930

Fe5C2(11-1)0.501

3F/2.069

-2.08

1.210

1684

Fe5C2 cluster

2F/1.993

-2.86

1.192

1784

Fe10C4 cluster

1F/1.787

-2.43

1.194

1916

Fe15C6 cluster

1F/1.761

-2.00

1.179

1894

Fe20C8 cluster
Fe25C10 cluster

1F/1.752
1F/1.772

-2.04
-1.60

1.176
1.175

1905
1900

CO molecular

-

-

1.143

2125

*The bonding symbols 1F-6F/number refers to the number of bonds formed
between the adsorbing CO molecule and the Fe surface atoms and the average
Fe-CO bond length (Å).

2013 ~ 2121 cm-1 for Fe(CO)5.63, 64 Therefore, the interaction
between CO and iron carbide clusters may much like the
adsorption of CO on iron carbide surfaces rather than the
formation of coordination compound molecules. However CO
prefers to bond to more iron atoms on Fe5C2 surfaces with
slightly longer Fe-CO distance, while their adsorption energy
are the similar to that of on clusters.
One also can learn the adsorption behaviour from the
molecule orbital side. Figure 6a shows the advanced frontier
interaction between CO and iron carbide clusters computed
from VASP code. As expected, there are more discrete states
in the small clusters. The process 1 (iron donating process),
which stands for 2π* unoccupied orbital of CO interacting
with the HOMO of clusters, can result in electron
transportation from cluster to CO, while the process 2 (iron
accepting process) can do the opposite influence. As shown
in Figure 6b, when iron atoms bond to CO, the iron atoms
loss about 0.2 e leading to more positive charge. Therefore,
the process 1 in Figure 6a is the predominant reason for the
adsorption of CO on iron carbide clusters. Obviously, from
molecular orbital point of view, the large energy level gap
makes the process 2 a weak interaction. As size growth of
cluster for Fe5C2 to Fe25C10 does little changes in the HOMO
and LUMO, the size effect has limited influence in their
adsorption pattern. The finding provides a way to tune the

Figure 6. (a) The advanced frontier energy level interactions pattern between
CO and iron carbide clusters which are computed from VASP (red for occupied
energy levels; blue for unoccupied ones); (b) The Bader charge of Fe5C2 clusters
with without CO (top) and with CO (bottom). Olive for carbon atoms; Orange for
iron atoms.
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Conclusions
In the work, we report a systematically investigation of iron
carbide clusters using a simple Basin Hopping structure
search method, so called random-bonding plus minimization
(RBPM). The results on searching for iron carbide clusters
show that RBPM is suitable for the global searching of small
clusters. As for larger clusters, RBPM is, to some degree, also
a reliable structure sampling method, which can liberate our
hand from trivial structure construction and reduce
undesirable subjective tendencies.
Our investigation on iron carbide clusters up to Fe25C10
based on DFT reveals their unique structures and bonding
characteristics compared to the bulk form. The carbon atoms
in iron carbide crystals prefer to be carbon singles occupying
the interstices, while the carbon atoms in iron carbide
clusters prefer to be cover around surface to form carbon
chains. Small clusters with low Fe/C ratio prefer to be linear
or planar. When the number of carbon atoms increases, the
iron atoms would be pulled apart by carbon atoms and long
carbon chains would form. When the number of iron atoms
increases, much more carbon chains will form which may be
due to the increased number of adsorption sites available for
single carbon atoms. In large clusters with FTS-ratio, the C-C
dimers and carbon singles are the main bonding types of
carbon atoms. When the clusters get larger, nested carbon
chains start to emerge such as in Fe7C28. But up to Fe25C10,
ground state clusters with inner embedded carbon atoms are
not found.
Even though both the clusters and bulk of iron carbide are
mostly ferromagnetic, iron carbide clusters of semi-conductor,
semi-mental, and conductor states are found, and there is a
strong correlation between the conducting properties of the
clusters and their sizes. From the carbon chemical potential
analysis, we propose that the large carbon-rich iron carbide
clusters are more stable under CO/CO2 atmosphere. The
current study on clusters (0D) shows the diversity of the
interactions between iron and carbon. The clusters in
structural, electronic and magnetic properties are far away
from their bulks. We extend the understanding on iron
carbides systems which help us to rational design iron carbide
materials.
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