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Abstract
The iron carbide Fe3C has been studied by first-principles density-functional
theory. Both prismatic and octahedral environments of the carbon atoms
have been considered. The crystal structure with the carbon position in a
prismatic environment possesses the lowest total energy. The energy of the
magneto-crystalline anisotropy is an order of magnitude higher in the prismatic
modification than in the octahedral one. The room-temperature behaviour of the
coercive force on the temperature of annealing of plastically deformed samples
has been explained by this fact. A difference in Mössbauer parameters (electric
field gradient (EFG), and the angles between the EFG and the hyperfine field)
found for the two positions of carbon in the cementite lattice looks promising for
experimental detection of the presence of carbon with octahedral environment
in plastically deformed samples.

1. Introduction

The study of the properties of cementite, i.e. iron carbide Fe3C, has been conducted for a long
time. Originally, cementite was investigated in order to improve the mechanical properties
of steels. The magnetic properties have also received some attention in connection with
nondestructive methods of the control of steel.

More precisely, the recent interest in the properties of Fe3C may be explained by new
possibilities of obtaining metastable compounds by mechanical alloying, implantation and so
forth (see, for example, [1–4]). Besides, the monophase Fe3C itself has attracted considerable
interest due to peculiarities in the bulk-modulus behaviour [5] and the instability of the
magnetic state under pressure [6, 7]. Finally, an additional impact has been given by the studies
dealing with the chemical composition of the Earth’s core [8, 9].
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Figure 1. Double unit cell of cementite with prismatic environment of the carbon atoms. Large grey
and black balls show iron Fe1 (S position) and Fe2 (G position) atoms; small white balls represent
carbon.

Figure 2. Double unit cell of cementite with octahedral environment of the carbon atoms. Large
grey and black balls show iron Fe1 (S position) and Fe2 (G position) atoms; small white balls
represent carbon.

The arrangement of iron atoms in the cementite structure was detected by x-ray
diffraction [10] but the carbon location in the lattice does not appear to be absolutely clear. Even
in the very thorough experiments of [10] the authors made a number of simplifications during
the x-ray data processing (see a critical review of this and other papers in [11]). According
to [12] the carbon atoms can occupy four positions between the iron sites. Two of them
(prismatic and octahedral, figures 1 and 2) are often specified as possible places for the carbon
atoms. The two other places named by authors of [12] as distorted prismatic and octahedral
positions have not been discussed before. Since the carbon in these two last positions is
very close to iron atoms (0.16 and 0.12 nm against 0.19 nm in undistorted positions), these
modifications appear to be improbable and we do not consider them here. The experiments
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Figure 3. The coercive force (•) and average grain size (�) of cementite prepared by plastic
deformation as a function of annealing temperature taken from experiments performed at room
temperature in [14].

made on specially prepared samples annealed at high temperature are related to the ground
state of cementite. The powder neutron diffraction on such samples in [13] shows only
the prismatic position of carbon. Concerning the non-equilibrium samples, the present-day
experimental data on cementite testify only that the carbon positions actually depend critically
on the mechanical and thermal treatment. The relevant structural changes manifest themselves
in both the mechanical and magnetic properties. Figure 3, drawn from the experimental data
obtained in [14], shows the coercive force at room temperature of cementite prepared by plastic
deformation, as a function of the annealing temperature. Such an increase of the coercive force
with grain size was observed and easily explained in soft-magnetic materials where the domain-
wall width is a few times larger than the characteristic grain size [15]. For the samples under
study, the domain-wall width is smaller than the grain size (see below), so the behaviour of the
coercive force remains clearly uncommon.

We strongly believe that this uncommon behaviour should be linked to the redistribution of
the carbon atoms in the Fe3C lattice: without such a redistribution, annealing would decrease
the coercive force because of the growth of the grains (figure 3) and disappearance of the
imperfections. Besides, one can find other experimental evidence of the different carbon
atom positions in different samples like the change in the nearest environment before and
after annealing obtained in EELFS (electron energy loss fine structure) [16], changes in the
Mössbauer spectra with annealing [17] and so forth.

This paper studies, through first-principles calculations, the possibility of different
positions of carbon in Fe3C and the effect on physical properties. Previous theoretical
investigations of cementite have been carried out (see, for example, [6, 9, 18, 19]), but only
in [18] was an attempt made to obtain some characteristics of cementite with prismatic or
octahedral positions of the carbon atoms. Thus, the main purpose of the present paper is
to calculate, taking into account lattice relaxations, and compare the total energy, magneto-
crystalline energy, magnetic moments and the parameters of hyperfine interaction of cementite
with different positions of carbon atoms.
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2. Models and methods of calculation

The crystal structure of Fe3C is an orthorhombic lattice: we use the Pbnm space group. The
unit cell contains 12 iron atoms and 4 carbon atoms (a double unit cell, drawn with the help
of the package [20] in figures 1 and 2, represents respectively the prismatic and octahedral
modifications). In these figures, four iron atoms occupy the special S position and are marked
Fe1 whereas the remaining eight iron atoms of Fe2 type are at the general G position. The
nearest neighbours of Fe1 are carbon atoms, and the next-nearest-neighbouring shell of an Fe1
atom consists of 12 iron atoms at slightly different distances. The nearest neighbours of Fe2
are also carbon atoms, and the next-nearest-neighbouring shell of an Fe2 atom contains 11 iron
atoms.

The calculations presented in this paper were conducted by the full-potential linearized
augmented plane wave (FLAPW) method in the WIEN2k package [21]. The generalized
gradient approximation of the exchange–correlation potential (GGA) [22] was used in this
work. In the FLAPW method the wave functions, charge density and potential are expanded
in spherical harmonics within non-overlapping muffin-tin (MT) spheres of radius RMT and in
plane waves in the remaining space of the unit cell (interstitial region). The basis set is split into
core and valence parts. The core states are treated with the spherical part of the potential and are
assumed to have a spherically symmetric charge density totally confined inside the muffin-tin
spheres; they are treated in a fully relativistic way. The expansion of the valence wave functions
inside the MT spheres is confined to lmax = 10 and they are treated within a potential expanded
into spherical harmonics up to l = 4. We used a mixed LAPW (Fe-sp states)/APW + lo (local
orbital) [23] (Fe-d states) basis set. The wave functions in the interstitial region were expanded
in plane waves with a cutoff Kmax determined by the relation RMT Kmax = 7. The charge
density was Fourier expanded up to Gmax = 20. The relaxation of the size of the unit cell and
of the atomic positions was conducted in the scalar-relativistic approximation for the valence
electron, with a mesh of 60 special k-points in the irreducible wedge of the Brillouin zone. All
the parameters used were chosen in a standard for the WIEN2k package way. The energy of the
magneto-crystalline anisotropy EMA was calculated including the spin–orbit coupling through
the second variational method [21]. Its calculation, unlike other properties studied, requires
special attention because the accuracy of the total energies must be as good as 1 × 10−5 Ryd.
Thus, after the usual convergence without account of the spin–orbit interaction (SOI), the
number of k-points was enlarged and the iterative procedure with SOI was performed with
the criterion of charge convergence of 1–2 × 10−6 (this is a mean-squared distance between
the input and output electron density in the iteration scheme). The convergence of EMA on the
number of k-points (280, 432 and 630 k-points in the irreducible wedge of the Brillouin zone),
Kmax (7/RMT and 7.5/RMT) and the upper boundary of the electron states taken into account in
SOI (0.65 and 2.15 Ryd above the Fermi energy) was checked. The variation of EMA with the
changes of parameters was 1 × 10−5 Ryd.

3. Results and discussion

As pointed out before, we have calculated two different periodical systems. Tables 1 and 2 give
data for each system for two sizes of the unit cell. The sizes of the unit cell for the modification
with prismatic environment of carbon (figure 1) are {a, b, c} = {0.4523, 0.5089, 0.6743} nm or
{0.4481, 0.5056, 0.6743} nm. The first set corresponds to the experimental values obtained by
x-ray diffraction for the annealed samples in [14]; they are similar to previous values reported
in the literature (see for example [10]). These parameters used in the first calculation are
designated as model 1. The second set of lattice parameters (model 2) have been obtained
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Table 1. The structural parameters of the unit cell—lattice parameters (nm) and positions
(fractional coordinates) of the atoms—obtained in experiments (exp.) [10] and used in calculations
(Model 1 and Model 2; see text) for cementite with a prismatic environment of carbon.

x y z

Exp Model 1 Model 2 Exp Model 1 Model 2 Exp Model 1 Model 2

Lat. par. 0.4523 0.4523 0.4490 0.5089 0.5089 0.5047 0.6743 0.6743 0.6743

Fe1 0.8330 0.8367 0.8367 0.0400 0.0361 0.0361 0.2500 0.2500 0.2500
Fe2 0.3330 0.3313 0.3313 0.1750 0.1755 0.1755 0.0650 0.0677 0.0677
C 0.4300a 0.4384 0.4384 0.8700a 0.8760 0.8760 0.2500a 0.2500 0.2500

a The position of carbon cannot be well defined in the x-ray diffraction experiments; so, in the literature data, it is
mainly assumed from structural considerations.

Table 2. The structural parameters of the unit cell—lattice parameters (nm) and positions
(fractional coordinates) of the atoms—obtained in experiments (exp.) [10] and used in calculations
(Model 1 and Model 2; see text) for cementite with an octahedral environment of carbon.

x y z

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

Lat. par. 0.4523 0.4711 0.5089 0.5111 0.6743 0.6960

Fe1 0.8231 0.8342 0.0472 0.0452 0.2500 0.2500
Fe2 0.3479 0.3450 0.1713 0.1705 0.0784 0.0752
Ca 0.0 0.0 0.0 0.0 0.0 0.0

a Usually, in the processing of experimental data, the octahedral position is not considered; so, these
values equal those obtained from structural considerations in [11].

in the present work from the total-energy minimization. In both cases (model 1 and model
2) the atoms of the unit cell have been shifted into positions where the resulting forces
acting on the atoms are zero. As the experimental and the equilibrium lattice parameters do
not differ significantly (the cell-volume change is 1.6%) the fractional coordinates of atoms
corresponding to the energy minimum in model 1 are equal to those in model 2, within
calculation accuracy.

For the case of octahedral environment of carbon (figure 2), the unit-cell sizes are chosen
as {a, b, c} = {0.4523, 0.5089, 0.6743} nm or {0.4711, 0.5111, 0.6960} nm. As there are no
experimental data for the octahedral modification, the first set (model 1) equals that of the
prismatic one, i.e., corresponds to the experimental data for the well-annealed samples. The
second set of unit-cell sizes (model 2) corresponds to the equilibrium unit-cell sizes at which
the total-energy minimum is realized. For both models, the atoms have been shifted to the
positions with zero resulting forces. Here, the equilibrium unit-cell sizes (model 2) are larger
than in model 1 (the cell volume differs by 8%), so the fractional coordinates appear to be
slightly different in the two models. Note here that the difference in the lattice parameters
between the two modifications can explain the experimental enlargement of the unit cell in
plastically deformed cementite in [1], where, as we believe, a mixture of two modifications is
realized.

It is well known that the equilibrium values of unit-cell sizes depend on the approximation
of the exchange–correlation potential and the calculation scheme. Thus, the magnetic
properties can change essentially, even to the point of magnetic-order disappearance as seen,
for example, in Cr [24]. In the present work the change of the magnetic properties within the
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Table 3. Spin Mspin and orbital Morb magnetic moments, Fermi-contact Hspin and orbital
Horb contributions to the hyperfine magnetic field H , isomer shift IS, electric field gradient Vzz ,
asymmetry parameter η, polar θ and azimuthal φ angles of H , and calculated and experimental
quadrupole splitting � for the prismatic case with experimental sizes of the unit cell (Model 1).

Fe1 Fe2

Mspin (μB) 2.01 1.94
Morb (μB) 0.05 0.04

Hspin (T) −25.5 −25.0
Horb (T) 3.1 2.7

H = Hspin + Horb (T) −22.4 −22.3
IS (mm s−1) 0.181 0.186
Vzz (×1021 V m−2) 3.12 1.33
η 0.11 0.62
θ (grad) 90 132.54
φ (grad) 90 11.6

� (mm s−1) 0.49 0.22
�exp (mm s−1) [29] 0.58 0.32

Table 4. Spin Mspin and orbital Morb magnetic moments, Fermi-contact Hspin and orbital
Horb contributions to the hyperfine magnetic field H , isomer shift IS, electric field gradient Vzz ,
asymmetry parameter η, polar θ and azimuthal φ angles of H , and quadrupole splitting � calculated
for the prismatic and octahedral cases with equilibrium sizes of unit cell (Model 2).

Prismatic Octahedral

Fe1 Fe2 Fe1 Fe2

Mspin (μB) 1.97 1.91 2.09 1.90
Morb (μB) 0.05 0.04 0.05 0.03

Hspin (T) −25.1 −24.7 −24.3 −23.7
Horb (T) 3.1 2.7 3.1 1.9

H = Hspin + Horb (T) −22.0 −22.0 −21.2 −21.8

IS (mm s−1) 0.162 0.169 0.221 0.139
Vzz (×1021 V m−2) 3.07 1.37 1.99 −2.09
η 0.05 0.83 0.996 0.23
θ (grad) 90 138.58 90 73.12
φ (grad) 0 11.17 90 26.6

� (mm s−1) 0.48 0.24 0.36 0.33

studied range of sizes remains small (2% for the Fe magnetic moments) and does not drastically
affect the conclusions. Nevertheless, we have found it suitable to specify the results of the
calculations for all the unit-cell sizes under study (see tables 3 and 4).

The difference in energy between the two cases with different carbon positions is Eoct −
Epris ≈ 0.0075 Ryd/at at experimental sizes of the unit cell (model 1) and Eoct − Epris ≈
0.0050 Ryd/at at equilibrium sizes of the unit cell (model 2). This confirms clearly that the
modification with the prismatic carbon position is the ground state, in full agreement with
experimental results.

The energy difference obtained is smaller than the energy inserted during plastic
deformation in mechanical alloying (Edeform ≈ 7–14×105 J kg−1 = 6–12×10−3 Ryd/at [25]).
This allows us to assert that plastic deformation can transform the prismatic environment of
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carbon into a metastable state with octahedral environment. On the other hand, the energy
difference Eoct − Epris corresponds to a small probability of the nucleation of the metastable
phase at the annealing temperature T < 700 K. So, at such an annealing temperature, only a
transition from metastable states to the ground one (with prismatic environment of carbon) may
occur, and not the other way round.

The dependence of the magneto-crystalline energy EMA on the carbon position is of utmost
interest for us. Before presenting our results, let us remember that for transition metals EMA

it is generally difficult to determine because it is generally a small value resulting from the
difference of two large quantities and it is quite close to the level of numerical accuracy.
Fortunately, here, EMA for the case with the prismatic environment of carbon is very much
larger than that determined for the octahedral case, so we are pretty convinced that the results
are reliable. The calculations show that the [001] direction is an easy magnetization axis and
the [010] one is a hard magnetization axis. EMA (i.e. the difference in total energy between the
states with magnetization along these two axes per volume), in the prismatic case, is given by

EMA = E[010] − E[001] = 7 × 10−5 Ryd/cell = 9.8 × 105 J m−3.

EMA at experimental and equilibrium unit-cell size does not differ within calculation
accuracy, as the cell sizes differ little in the two models. The easy-magnetization axis and the
magnitude of EMA correspond to those obtained in the experiment made for a Fe3C monocrystal
(that is, for annealed samples) [26]: Eexp

MA = 6.97 × 105 J m−3. The difference may be
ascribed to the calculation inaccuracy or to a possible intermixture of carbon in the octahedral
environment in the experiment.

For the case with carbon in the octahedral environment, EMA < 105 J m−3, and this is
clearly an order of magnitude lower than that calculated for the prismatic environment and,
perhaps, does not essentially differ from Eexp

MA of pure iron 6 × 104 J m−3.
Using a simple model of interacting magnetic moments along the easy axis, one can find

the domain-wall width δ = πl
√

Eexch/EMA (see, for example, [15, 27]). Here l = 0.26 nm
is the closest distance between the iron atoms, and Eexch is the exchange energy per volume.
It is estimated from the temperature of the ferromagnet–paramagnet phase transition (TC =
480 K [26]): Eexch ≈ kBTCnFe/(Z Vcell) = 5.49 × 107 J m−3, where kB is the Boltzmann
constant, nFe is the number of iron atoms in the unit cell, Z = 11–12 is the number of nearest
iron neighbours of Fe atoms. This leads to δpris ≈ 6.1 nm. Such a domain wall should be
effectively pinned to defects larger than 10 nm. Because in [14] the samples studied were in
a nanocrystalline state with an average grain size of nanocrystals ranging from 10 to 60 nm
(figure 3), it is natural to assume that they are the places of pinning of the domain walls. In the
octahedral case, the domain-wall width is 4–5 times larger (δoct ≈ 25–30 nm), and nanocrystals
smaller than 30 nm are of no significance in the formation of the coercive force.

These considerations of the domain-wall width and the sizes of nanocrystals allow us to
explain qualitatively the room-temperature behaviour of the coercive force as a function of
the temperature of annealing of the plastically deformed cementite. Really, assuming that the
initial samples are a mixture of the two phases (with prismatic and octahedral environments of
carbon), we can assert that the amount of the metastable phase (with octahedral environment of
carbon) decreases with annealing temperature. As a wide domain wall (in the octahedral case)
has a number of pinning centres far less than the narrow one (the prismatic case), a decrease of
the relative amount of the metastable phase should result in a drastic increase of the coercive
force (figure 3).

It is again worth noting that if the plastically deformed samples in [14] consist only
of a single phase with prismatic environment of carbon whose domain wall is narrow,
annealing would only decrease the number of pinning centres, the domain-wall width remaining
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constant. Then, the coercive force would decrease, which clearly contradicts the experiment.
Apparently, this mechanism determines the behaviour of the coercive force during annealing
at a temperature above 700 K (figure 3) because at this annealing temperature, as most
experimenters believe [10, 13, 14], the samples have a sole, well-determined, structure with
prismatic environment of carbon with maximum coercive force.

However, despite the large difference in EMA between the prismatic and octahedral cases,
the magnitudes of spin or orbital magnetic moment do not differ very much (see tables 3 and 4).
The difference between the magnetic moments in prismatic and octahedral cementite are found
to be numerically small, so the magnetic measurements are not expected to determine which
carbon position is realized in samples.

The parameters of the hyperfine interaction are presented in tables 3 and 4. The isomer
shift is obtained from the magnitude of the electron density at a point close to the Fe-nucleus
centre. As there is no way to obtain the isomer shift unambiguously from calculations, we have
conducted a calibrating calculation of the Fe3Si alloy with the method described in section 2
and, in particular, with the same first radial-mesh point of the wave-function expansion in the
MT sphere of Fe. Fe3Si has two nonequivalent positions of iron atoms with different isomer
shifts well-resolved experimentally; two experimental isomer shifts and the corresponding
calculated electron densities gave us a desired functional dependence.

Vzz and Vxx are the maximum-in-magnitude and the minimum-in-magnitude components
of the tensor of the electric field gradient (EFG). η = (Vxx − Vyy)/Vzz . θ and φ are the
polar and azimuthal angles of the hyperfine magnetic field H in the local coordinate system
of the EFG. We have calculated the quadrupole splitting � = 0.5e2 Q|Vzz |(1 + 1/3η2)1/2

(eQ = 0.15 × 10−28 m2, Q is the nucleus quadrupole moment; see [28]). Measurement of
the quadrupole splitting above the Curie temperature was performed in [29] for well-annealed
samples, so the values obtained in [29] should be attributed to the ground state and can be
compared to � calculated for the modification with the prismatic environment of carbon.

Table 3 shows the agreement between the experimental and calculated � for the prismatic
case. The large quadrupole splitting as well as the differences in hyperfine parameters and
angles (see tables 3 and 4) between the octahedral and prismatic cases allow us to hope that
some difference in the form of the Mössbauer spectrum may be experimentally observed for
these modifications of cementite.

When interpreting such Mössbauer experiments difficulties arise because both electric
and magnetic interactions are present simultaneously (for example, see [30]). Indeed, the
combined hyperfine interaction, and the angle between the hyperfine magnetic field and the
electric field gradient, as well as the spatial averaging, essentially complicate the interpretation
of a Mössbauer spectrum. Therefore, the analysis of Mössbauer spectra of cementite below
the Curie temperature taking into account the present calculated parameters of the hyperfine
interaction is of utmost interest.

4. Conclusions

Structural considerations of cementite show that carbon can occupy prismatic or octahedral
pores in the iron sublattice. The present first-principles calculations confirm that the prismatic
case possesses the lowest total energy and proves that the energy difference between the
octahedral and prismatic modifications is smaller than the characteristic energy of plastic
deformations during mechanical alloying. Thus, plastic deformation can strongly induce a
rearrangement of the structure. The magneto-crystalline energy of cementite is much higher
when the carbon atoms are in the prismatic pores in contrast with the case when the carbon
atoms occupy the octahedral pores. The experimental room-temperature behaviour of the
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coercive force of the plastically deformed samples as a function of annealing temperature
can be explained by the rearrangement of the structure from the low-EMA to the high-EMA

modification during annealing. Thus, the possibility of different carbon positions in cementite
depending on the mechanical or thermal treatment is clearly confirmed by the experimental
data (for example, [1]) and our first-principles calculations. The differences in the theoretical
Mössbauer parameters between the prismatic and octahedral modifications of cementite looks
promising for an experimental detection of the presence of carbon with octahedral environment
in plastically deformed samples.
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