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The cementite phase of Fe;C has been studied by high-resolution neutron
powder diffraction at 4.2 K and at 20 K intervals between 20 and 600 K. The
crystal structure remains orthorhombic (Pnma) throughout, with the fractional
coordinates of all atoms varying only slightly (the magnetic structure of the
ferromagnetic phase could not be determined). The ferromagnetic phase
transition, with 7, >~ 480 K, greatly affects the thermal expansion coefficient of
the material. The average volumetric coefficient of thermal expansion above T,
was found to be 4.1 (1) x 107> K™!; below T it is considerably lower (< 1.8 x
107> K™') and varies greatly with temperature. The behaviour of the volume
over the full temperature range of the experiment may be modelled by a third-

© 2004 International Union of Crystallography
Printed in Great Britain — all rights reserved

1. Introduction

The physical properties of the cementite phase of Fe;C have
been of interest to Earth and planetary scientists since it was
suggested (Wood, 1993) that they were consistent with those
of the Earth’s inner core. Two very recent studies of the
ambient-temperature equation of state of this material (Scott
et al.,2001; Li et al., 2002) have been made using high-pressure
X-ray powder diffraction with diamond-anvil cells. The results
obtained for the incompressibility, K, and its first derivative
with respect to pressure, K., from these two experiments are
in almost exact agreement (K, =175 + 4 GPa, K, =52 + 0.3
and K, = 174 £+ 6 GPa, K/ = 4.8 £ 0.8) and are very close to
the values assumed by Wood (1993). At first sight, it might,
therefore, be concluded that the case for Fe;C as a major
component of the inner core has been significantly strength-
ened by these measurements. However, a recent first-princi-
ples computer simulation study, combined with preliminary
measurements of the thermal expansion of Fe;C above room
temperature by neutron powder diffraction (Vocadlo, Brod-
holt et al., 2002), has cast doubt on these conclusions and,
indeed, has suggested that the physical properties of Fe;C are
not compatible with those of the inner core as determined
from seismology. At room temperature, Fe;C is a metallic
ferromagnet, with the transition to the paramagnetic state
occurring at a Curie temperature, 7., of about 483 K (e.g.
Tsuzuki et al., 1984). The neutron diffraction experiments

i Formerly at Bayerisches Geoinstut, Universitdt Bayreuth, D-95440 Bayr-
euth, Germany.

order Griineisen approximation to the zero-pressure equation of state,
combined with a magnetostrictive correction based on mean-field theory.

showed that this magnetic phase transition had a significant
effect on the volumetric thermal expansion coefficient, which
was found to be, for example, ~1.3 x 10~ K~ ! at 300 K but
~4.3 x 107° K" for T > T.. Similarly, the computer simula-
tions showed that the ferromagnetic ordering greatly affected
the values of the parameters needed to define the equation of
state; calculations for the magnetically ordered phase led to
values of K, and K/ in good agreement with those of Scott et
al. (2001) and Li et al. (2002), whereas ‘non-magnetic’ calcu-
lations (in which the occupation numbers of every electron
orbital were forced to be equal for up and down spins) gave a
much higher incompressibility (~316 GPa) offset by a much
lower value for the volume at zero pressure. As expected, the
calculations predicted a transition to a high-pressure non-
magnetically ordered state with P, >~ 60 GPa. Under the
conditions that exist in the Earth’s inner core, Fe;C will not be
magnetically ordered; determinations of the equation of state
of its ferromagnetic phase are, therefore, of doubtful value in
discussing its possible significance in the inner core.

The cementite structure of Fe;C (termed cohenite in its
mineral form) is orthorhombic, space group Pnma, with Z = 4.
The structure (Herbstein & Smuts, 1964; Fasiska & Jeffrey,
1965) can be viewed either in terms of pleated layers of Fe
atoms, derived from a hexagonal close packed (h.c.p.) struc-
ture, with C atoms occupying interstitial sites (Fasiska &
Jeffrey, 1965; Hyde & Andersson, 1989), or as being
isostructural with YF; (Hyde & Andersson, 1989) and hence
derived from the GdFeOj; orthorhombic perovskite structure
with the octahedral cations absent. As indicated above, at
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room pressure and temperature the material is metallic and
ferromagnetically ordered (Hofer & Cohn, 1959; Tsuzuki et
al., 1984; Haglund et al., 1991). Neither the magnetic structure
nor the direction of spontaneous magnetization appear to
have been determined. Previous thermal expansion
measurements have been made by Gachon & Schmitt (1971)
and by Reed & Root (1998). Gachon & Schmitt (1971) used
X-ray powder diffraction in the range 73-773 K; however, they
made measurements at only five different temperatures and so
their thermal expansion curves were insufficiently sampled to
reveal any effects arising from the ferromagnetic transition. In
the study by Reed & Root (1998), cell parameters were
determined only above the ferromagnetic transition (from
523K to 1073 K), by angle-dispersive neutron powder
diffraction using a large multi-phase ingot formed from a
mixture of Fe with 2.77 wt% C. The maximum amount of
cementite that might be produced in this way would corre-
spond to 45 wt% of the final sample, the remainder being
principally ferrite (i.e. a-Fe with some interstitial carbon) or
austenite (i.e. y-Fe with interstitial carbon) depending upon
the sample temperature. The behaviour of the material was
reported to change at about 873 K, where it showed a rather
abrupt increase in the thermal expansion coefficient of the b
axis, combined with a corresponding decrease in the expansion
coefficients for a and c, such that the net volumetric expansion
coefficient remained unchanged.

In the present paper, we describe a detailed study of the
thermal expansion of Fe;C from 4.2 K to 600 K by high-
resolution neutron powder diffraction. In our previous preli-
minary study of this material, using the POLARIS diffract-
ometer at ISIS, we had examined the material only above
room temperature and these data were insufficient to study
the effects of the ferromagnetic transition in any detail. In this
earlier work, we had attempted to extend the measurements to
higher temperatures. We found, however, that the material
started slowly to decompose, producing «-iron, above about
650 K, with rapid decomposition occurring above 800 K, and it
was, therefore, decided to limit the present study to
temperatures below 600 K. It is of interest to note that we
observed decomposition of Fe;C to occur at temperatures
very much lower than those quoted by Tsuzuki ef al. (1984),
who stated that it dissociated under N, gas (to give a-iron and
carbon) only above 973 K; we attribute this difference to the
much longer duration of our experiment and to the fact that
the sample was under high vacuum within the furnace.

2. Experimental details

The sample used was prepared from mixtures of 90 wt% Fe
and 10 wt% C (i.e. containing an excess of carbon over the
6.7 wt% required for stoichiometry), following the procedure
of Tsuzuki er al. (1984). The mixtures were pelleted under
50 MPa pressure and packed in Pyrex glass tubes with graphite
end caps, which were then loaded into 3/4-inch talc—Pyrex
piston—cylinder assemblies and sintered at 1.5 GPa and 1473-
1523 K for 30 min. Each synthesis experiment yielded
approximately 0.85 g of Fe;C with a small excess of graphite.

The Fe;C was separated by firstly removing any large pieces of
graphite adhering to the ends of the sample with a scalpel and
tweezers. After this, the material was crushed and ground by
hand under acetone using an agate pestle and mortar. Final
separation of the Fe;C was then made by a combination of
magnetic separation and removal of the more-slowly-settling
component when the sample was suspended in acetone,
shaken and ultrasonically agitated. Examination by X-ray
powder diffraction, using a computer-controlled Philips PW
1050 vertical goniometer with Fe-filtered Co Ko radiation,
revealed three small impurity peaks, the strongest of which
had a peak height of approximately 2.5% that of the strongest
peak from Fe;C; these had d spacings of approximately 2.49,
2.16 and 1.53 A, which correspond to the three strongest
reflections from wiistite (FeO).

The sample used for neutron diffraction was made by
combining three batches of material prepared as described
above, to give a total sample mass of approximately 1.3 g.
Time-of-flight neutron powder diffraction patterns were
collected using the high-resolution powder diffractometer
(HRPD) (Ibberson et al., 1992) at the ISIS spallation neutron
source of the Rutherford Appleton Laboratory (RAL). The
sample environment was controlled using the ISIS facility’s
‘cryofurnace’, with the powder sample, loosely packed in a
rectangular aluminium sample can, held under a partial
pressure of 30 mbar of He exchange gas. A rhodium-iron
resistance thermometer was used to measure the temperature,
which was controlled to better than 0.1 K during the data
collection. Diffraction patterns were collected with flight times
from 50-150 ms, using both the backscattering (260 ~ 168°) and
perpendicular (260 ~ 90°) detector banks, corresponding to d
spacings of 1.04-3.11 A and 1.45-435 A, respectively. The
temperature range covered corresponded to the maximum
accessible with the cryofurnace, with data collected at 4.2 K
(counting for 2 h) and then, on heating, in 20 K steps from 20
to 600 K (counting for 1 h at each temperature point).

The cell parameters were obtained by profile refinement of
the backscattering data using the CAILS (‘cell and intensity
least squares’) refinement technique (after Pawley, 1981)
implemented in RAL’s suite of programs based on the
Cambridge Crystallography Subroutine Library (CCSL;
Brown & Matthewman, 1993). It was felt that this technique,
which requires no knowledge of the crystal (or magnetic)
structure other than the space group, would give the least
biased and most precise estimate of the unit cell. The crystal
structures were then refined using the Rietveld method
implemented in the program GSAS (Larson & Von Dreele,
1994), fitting the model simultaneously to both the 90° and the
backscattering data over the ranges 1.51 < d < 4.06 A and 1.08
<d<290A, respectively. The magnetic contribution to the
scattering was ignored (as discussed below), as was the
contribution from the impurity phase; apart from a small peak
at 2.16 A (from the vanadium windows and heat shields, see
Fig. 1), no obvious features in the (Vops — Veare) difference
pattern were observed that could be attributed to neglect of
these terms. However, in view of the possible effect of the
neglect of the magnetic scattering on the refined values of

J. Appl. Cryst. (2004). 37, 82—90

I. G. Wood et al. + Cementite 83



research papers

I I T I
100K Detector Bank
8ol 20 =168.33°
g N
)
£
<
s <L ]
g =
O
el
2
=}
z
| | | | | | | |
1.2 1.4 1.6 1.8 20 22 24 26
d-spacing/A
I T T I I I I I
100K Detector Bank
2 3T 20=90.0°
(=1
S
£ ]
&} o
-l
(o]
2 o
5= |
£
=}
zZ ol i
f=]
| | | | | | | | | |
1.8 20 22 24 26 28 3.0 32 34 3.6
d-spacing/A
Figure 1

I T T I T
600K Detector Bank
g 20 =168.33°
S Sh |
S
=
ol ,
QO -
o
3
Est f
(=]
Z
| | | | | L | |
12 14 16 18 20 22 24 26
d-spacing/A
T T T T I T I T
- 600K Detector Bank
a2l 20 =90.0° b
=)
ool i
8 &
<
L o
g ol )
(=]
o
- oL i
8 —
:?"; (=3
o f
Z
| | | | | | | |

| I
1.8 20 22 24 26 28 30 32 34 36

d-spacing/A
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detector banks.

atomic displacement parameters and the rather poor counting
statistics of the data (resulting from the limited quantity of
sample available), it was decided that the use of anisotropic
displacement parameters could not be justified; it was also
decided to constrain the isotropic displacement parameters of
the two Fe atoms to be equal. 36 variables were, therefore,
included in the Rietveld refinements (two scale factors, two
profile parameters, ten background coefficients for each of the
two data sets, three cell parameters, seven fractional coordi-
nates and two atomic displacement parameters). The values of
x* were in the range 1.5-2 throughout, for approximately 4450
profile points (the value of x* at 4.2 K is a little higher, 3.1, as
the counting statistics for this data set are better), with
corresponding weighted profile (R,,) and profile (R,) R
factors in the ranges 6-7% and 5-6%, respectively. Repre-
sentative diffraction patterns at 100 K (ferromagnetic phase)
and 600 K (paramagnetic phase) are shown in Fig. 1.

3. Results and discussion
3.1. Lattice parameters and thermal expansion

Fig. 2 shows the orthorhombic cell parameters as a function
of temperature. It is clear that the magnetic transition greatly

affects the thermal expansion coefficients of the material.
Initial inspection of Fig. 2 suggests that the three axes behave
rather differently from one another. The effect of the ferro-
magnetic transition on the a axis seems especially pronounced,
with this direction showing a negative thermal expansion
coefficient for all temperatures below 7., whereas the beha-
viours of the b and ¢ axes are somewhat similar, with the effect
of the magnetic transition contributing relatively more to the
form of the overall thermal expansion in the case of the ¢ axis.
However, if the cell parameters of the paramagnetic phase are
extrapolated to 0K, it becomes apparent that the excess
length arising from the magnetic ordering is ~0.02 A for all
three axes. The differences seen in Fig. 2, therefore, primarily
reflect the different relative magnitudes of the magnetos-
trictive and vibrational contributions to the expansion in each
case.

The unit-cell volume as a function of temperature is shown
in Fig. 3(a), with the volumetric thermal expansion coefficient
given in Fig. 3(b). As expected from the results shown in Figs.
2 and 3(a), the expansion coefficient in the ferromagnetic
phase varies greatly with temperature, approaching zero close
to T, as well as at 0 K (where this value is required by ther-
modynamics). In addition, however, it appears that the
expansion coefficient of the paramagnetic phase above T is
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also strongly temperature dependent, at least for the
temperature interval covered in this experiment. Similar
behaviour is observed, for example, in a-iron (Kohlhaas et al.,
1967), associated with the ferromagnetic phase transition at
about 1045 K. This competition between the thermal expan-
sion arising from vibrations of the atoms and the increase in
volume with decreasing temperature arising from spontaneous
magnetostriction provides the basis for the family of ‘Invar’
alloys (such as Fe with 36 wt% Ni), which have very low
thermal expansion around room temperature.

Current studies of Fe;C are mainly concerned with its
possible occurrence in the Earth’s core; it is, therefore, its
physical properties in a high-pressure ‘non-magnetic’ state
(with Pauli paramagnetism but in which there are no local
magnetic moments on the atoms) that are of most interest to
Earth scientists. Such a phase only exists above ~60 GPa
(Vocadlo, Brodholt et al., 2002) and is therefore not readily
accessible experimentally. The accessible high-temperature
paramagnetic phase (in which there are local magnetic
moments but they are randomly disordered) will, however, be
more representative of the core-forming phase than the
ferromagnetically ordered material (for further discussion see
below). To determine the thermal expansion coefficient of this
phase in the form tabulated by Fei (1995), the eight data points
shown in Fig. 2 for which 7' > 460 K were fitted to
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shown are at &1 the estimated standard uncertainty.

V(T) = Vy exp fa(T)dT , (1)

T,

r

where VTr is the volume at a chosen reference temperature, 75,
and «(T) is the thermal expansion coefficient, having the form

aoT)=a, +a,T. )

This fit gave values of V; = 154.8 (1) A3 a, = —4(2) x
10 K 'and a; = 1.6 (3) x 1077 K2 for a chosen T of 300 K.
The large standard uncertainties in a, and a; arise from the
limited temperature range and the small number of data
points available. The form of these parameters, with aq,
negative and a; strongly positive, reflects the strong
temperature dependence of « seen in the data, but probably
also implies that it would be unwise to use them to extrapolate
o to much higher temperatures. Expressed in this way, o takes
values of 3(2) x 10K ' at 460 K and 6 (3) x 10> K" at
600 K, in good agreement with the results of Reed & Root
(1998) from which a temperature-independent value of 5.2 (2)
x 107> K™ ! can be derived [defined as a = (1/V)(dV/dT)].
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(a) Unit-cell volume of Fe;C as a function of temperature. The symbols
show the measured data points (the estimated standard uncertainties lie
within the symbols). The line shows the results of the fit to equation (4).
(b) Volumetric thermal expansion coefficient of Fe;C as a function of
temperature. The symbols were obtained by numerical differentiation of
the data shown in (a). The line was obtained via equation (4).
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If equation (1) is fitted to the eight data points above 460 K
assuming, instead, that o« is temperature independent, i.e.
putting

oT) = a, ®)

we obtain o, = 4.1 (1) x 107° K" and V;. = 154.14 (5) A°,
again for 7, = 300 K.

It should be noted that these values of ¢ are similar to that
for a-Fe at these temperatures (o for a-Fe = 4.5 x 107> K" at
600 K; Krishnan et al, 1979; Basinski et al., 1955) but are
somewhat higher than that used by Wood (1993), who adopted
avalue of 3.35 x 107> K™! (based on Gachon & Schmitt, 1971)
in his discussion of the possibility of Fe;C forming a major
component of the inner core of the Earth.

In previous recent studies of geologically important mate-
rials and their analogues (Vocadlo, Knight et al., 2002a; Wood
et al., 2002), we have extended our analysis of thermal
expansion data by fitting Griineisen approximations to the
zero-pressure equation of state (see Wallace, 1998) so as to
obtain estimates of such quantities as the Debye temperatures
and Griineisen parameters. In the present case of Fe;C, the
behaviour of V(T) is more complex than that considered
previously because of the magnetic phase transition. We
assume that the ‘structural’, Vg(7T), and ‘magnetic’, Vi(T),
contributions to the thermal expansion may be separated, i.e.
that

V(T) = VG(T) + VM(T)’ (4)

where Vy(T) =0 for T > T.. In order to model the non-linear
temperature dependence of V(T) above T, (see below), it was
found to be necessary to use a third-order Griineisen
approximation of the form (Wallace, 1998)

Va(T) =V, U/(Q — bU + cU?) + V,, (5)

where Q = V K,/y',b= (K, — 1)/2 and ¢ = (Y'/12K,V,)[2K K
— (K/)* + 6K/ — 5]; ¥ is a Griineisen parameter (assumed
constant), K, K, and K/ are the incompressibility and its first
and second derivatives with respect to pressure, respectively,
at T=0, and V, is the volume at T = 0. The internal energy, U,
may be calculated using the Debye approximation (see e.g.
Cochran, 1973) from
O /T
U(T) = 9Nk T(T/0)" [ x*dx/fexp(x) =11, (6)
0
where N is the number of atoms in the unit cell, kg is Boltz-
mann’s constant and 6y, is the Debye temperature [note that
the effect of the vibrational zero-point energy, 9INkgOp/8, is
included in equation (5) via the term V, and hence excluded
from U(T), since equation (5) requires that U = 0 at 7' = 0].
No detailed study of the temperature dependence of the
spontaneous magnetization in Fe;C has been reported. In
order to obtain a description of V(7)) covering the complete
range of reduced temperature below the transition while
requiring the least number of adjustable parameters, it was
assumed, therefore, that: (i) a simple mean-field model would
be adequate to describe the evolution of the reduced spon-
taneous magnetization, Mg(7), and (ii) the ‘magnetic’ contri-

bution to the volume was proportional to M3 (Shiga, 1981).
Thus,

Vu(T) = A[Mg(T)F, (7)

where A is a constant. The steps necessary to obtain Mg(7T),
which are well known and therefore not discussed in detail
here, are described by, for example, Blundell (2001); in
essence, it is necessary to find numerical solutions to two
simultaneous equations for the magnetization, the first being a
Brillouin function B,(y) and the second being a straight line
with slope proportional to temperature. In this way, it is
possible to describe V(T) in terms of only two adjustable
parameters: the constant of proportionality, A, and the tran-
sition temperature, T.. It is, of course, well known that mean-
field models do not provide very accurate descriptions of
Mgy(T), either close to T., where critical fluctuations will
dominate the behaviour, or at low temperatures, where spin-
wave quantization becomes important. Nevertheless, we
believe that this model, which has the advantage of requiring
only two adjustable parameters, is adequate for the present
purposes. The Brillouin function adopted was B;,(y) as it was
known that this value of J gave the best fit to the magnetiza-
tion curve for Fe and other ferromagnetic transition elements
(Dekker, 1964). The limitations of equation (7) have been
discussed by Shiga (1981), who suggested an alternative, more
complex expression incorporating also the temperature-
dependence of the local atomic magnetic moments.

The solid line in Fig. 3(a) shows the result obtained from
fitting the data to equation (4); it can be seen that the fit to the
data is good over the full temperature range of the experi-
ment, although there is possibly insufficient curvature in the
region immediately below T.. In principle, this fit requires
seven adjustable parameters (6p, Q, Vo, b, ¢, A and T.). As
might be expected from the form of equation (5), however,
allowing both b and c to vary freely led to values with very
large standard uncertainties and it was, therefore, decided to
fix the value of b at 3/2, corresponding to a value of K| = 4.
The alternative approach of fixing ¢ = 0, i.e. using a second-
order Griineisen approximation for V5(7T), gave an essentially
identical fit to the data but required a value of b equivalent to
K! =27 (4), probably too large to be physically sensible. This
is a consequence of the condition that the observed non-linear
behaviour of the V(T) data for T > T, can only be modelled by
reduction of the denominator in equation (5). A similar,
unacceptably high value of K/ also resulted when the para-
meters b and ¢ were constrained via the relationship between
K! and K/ implicit in the Birch-Murgnahan third-order
equation of state (see below).

The resulting values of the six fitted parameters were: 6, =
604 (44)K, O = 1.9(2) x 10777, V, = 153.60 (2) A3, ¢ =
—2.7(9) x 10 J7', A =0.81 (6) A® and T, = 472 (3) K. The
line shown in Fig. 3(b) gives the corresponding behaviour of
the thermal expansion coefficient, «(7), defined as

o(T) = (1/V)(dV/dT), ®)

obtained by differentiation of equation (4); it can be seen that
this corresponds well with the data points shown in the figure,
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which were determined by simple numerical differentiation by
differences of the V(T) data.

The Debye temperature of Fe;C estimated from the fit to
equation (4), 604 (44) K, would appear to be physically
sensible, being, as might be expected, somewhat higher than
that for pure iron (474 K; Poirier, 1991). Similarly, the value of
T. for the magnetic transition, 472 (3) K, is in agreement with
that previously determined by Tsuzuki ef al. (1984),483 +5 K,
from measurements of magnetization. The value of V,,
153.60 (2) A, corresponds to the volume that the unit cell of
the paramagnetic phase of Fe;C with disordered local
magnetic moments would occupy if such a phase persisted to
zero temperature. This is significantly higher than that
obtained from first-principles calculations for ‘non-magnetic’
Fe;C with no local magnetization [143.5 (1) A3 Vocadlo,
Brodholt et al., 2002]. However, we would not expect these
two volumes to be the same since the introduction of local
magnetic moments will significantly inflate the structure. This
effect has been discussed by Shiga (1981), who suggested that
a volume change of similar size would be expected between
ferromagnetic and hypothetical ‘non-magnetic’ phases of
body-centred cubic (b.c.c.) Fe. A limitation of the simple
model of ferromagnetism used in equation (4) is that it as-
sumes that the local magnetic moment does not vary with tem-
perature. In practice, this may not be true, but we would not
anticipate the variation to be significant over the tempera-
ture range of our experiment. With this proviso, we would
expect our analysis to be representative of the properties of
‘non-magnetic’ Fe;C under our experimental conditions.

The limitations of our model may well be responsible for
the numerically large value of the parameter ¢, —2.7 (9) x
10" J~'; by substituting the values of Q (= V,K./y) and K/ (=
4) in the relationship ¢ = (Y/12K,V,)[2K, K. — (K.)* + 6K —
5] we obtain K, K, = —3080 (1100). This product is much
higher than that which results from the implied values of K in
many of the commonly used isothermal equations of state (see
e.g. Angel, 2000), although the large standard uncertainty of
the value of ¢ means that the difference is not entirely outside
the possible range of experimental error; for example, it is
within three standard uncertainties of that required by the
third-order Birch-Murnaghan equation where K, K. = —[(3 —
K))(4 — K!) +35/9] = —3.9 for K. = 4.

It is interesting to discuss the results shown in Fig. 3(b)
within the framework of the Ehrenfest classification of phase
transitions (see e.g. Pippard, 1981). The behaviour of the
thermal expansion coefficient derived via equation (4) is
exactly that required at an Ehrenfest second-order transition:
a second derivative of the Gibbs energy, a(7), is discontinuous
at the phase boundary. This is to be expected, as the Weiss
theory of ferromagnetism, which underlies equation (7),
provides an example of a transition that is truly second order
as defined by Ehrenfest. Real systems rarely show this ideal
behaviour and thus, although the data points in Fig. 3(b) also
show an apparent discontinuity at T, it is probable that a more
precise and detailed study of the lattice parameters would
reveal a more A-like behaviour of the measured expansion
coefficient (see e.g. Pippard, 1981).

An equation equivalent to the familiar Clapeyron equation
for discontinuous transitions may be derived for transitions of
second order. This takes the form (Pippard, 1981)

dP/dT = (o, — a)[(1/K;) — (1/K,)], )

where dP/dT refers to the slope of the transition line and the
subscripts denote, in the present case, the paramagnetic and
ferromagnetic phases of Fe;C, respectively. The value of the
discontinuity in o at 7, obtained from the line shown in Fig.
3(b) is 3.33 x 107> K~'. The change in the value of K across
the ferromagnetic phase boundary has not been studied
experimentally, but may be addressed via equation (9) if it is
assumed that there is a linear phase boundary between the
ferromagnetic and paramagnetic/‘non-magnetic’ phases. At
ambient pressure, T, = 483 K (Tsuzuki er al., 1984) and the
critical pressure at 0 K from first-principles calculations, P, is
~60 GPa (Vocadlo, Brodholt et al., 2002), giving a slope of
—0.124 GPa K~'. When combined with the value for o, — o
given above, these values lead to a denominator in equation
(9) equal to —2.68 x 10~* GPa'. If it is further assumed that
the incompressibilities obtained by Scott et al. (2001) and Li et
al. (2002) are still reasonably representative of ferromagnetic
Fe;C at T, i.e. K; >~ 175 GPa, we can infer that K for the
paramagnetic phase will be about 9 GPa higher. Perhaps
surprisingly, the size of the discontinuity in K at P, predicted
by our recent first-principles calculations study (Vocadlo,
Brodholt et al., 2002) also leads to a value for the denominator
in equation (9) almost identical to that given above. Using the
equation-of-state parameters listed by Vocadlo, Brodholt et al.
(2002), the incompressibilities at the volume at which the
ferromagnetic phase transition occurs (7.9 A’ atom™') are
found to be 531 GPa and 468 GPa for the ‘non-magnetic’ and
ferromagnetic phases, respectively, thus leading to a difference
in their reciprocals of —2.54 x 107* GPa™".

Finally, we may use the results above to make an estimate of
the thermodynamic Griineisen parameter, which is given by

Yo = aK7V/C,, (10)

where K7 is the isothermal incompressibility and C, is the
specific heat at constant volume. Ignoring the contribution to
C, from the ferromagnetic transition (i.e. confining the
discussion to temperatures well above T.) and recalling that
C, = dU/dT, we obtain, by differentiating equation (5), the
relationship

Yo = [(Q — UV, /(Q — bU + cU?V1K,.  (11)

At 600 K, we find that y, = 1.15 x 10~ K. No measurements
of the incompressibility of the paramagnetic phase of Fe;C
have yet been reported. Estimates of K at this temperature
may be obtained either by using the equation of state given by
Vocadlo, Brodholt ef al. (2002), together with the value of the
unit-cell volume at 600 K from the present study (K; =~
217 GPa) or, as discussed above, from the results of Scott ez al.
(2001) and Li ef al. (2002) and equation (9) (K; =~ 184 GPa).
The resulting values of y, are 2.5 and 2.1; although these are a
little higher than commonly reported, they are similar to that
obtained in a recent study of FeSi, yy, = 2.1, which was based
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Table 1

Fractional coordinates and isotropic atomic displacement parameters of Fe;C as a function of temperature.

The space group is Pnma, with the origin as in International Tables for X-ray Crystallography (1969). Fel atoms lie on general positions (8d); Fe2 and C atoms that
lie on special positions on the mirror planes (4c) have coordinates x, 1/4, z. The displacement parameters of Fel and Fe2 were constrained to be equal in the

refinement.
T (K) Fel x Fel y Fel z Fe2 x Fe2 z Cx Cz 100w, (Az) 100uc (AZ)
42 0.1841 (4) 0.0571 (3) 0.3329 (5) 0.0336 (5) 0.8409 (8) 0.8942 (9) 0.4503 (8) 14 (1) 41 (2)
20 0.1844 (4) 0.0565 (4) 0.3321 (5) 0.0332 (5) 0.8410 (9) 0.8937 (10) 0.4494 (9) 13 (1) 3.8 (2)
40 0.1838 (4) 0.0567 (4) 0.3326 (5) 0.0330 (5) 0.8407 (9) 0.8941 (10) 0.4500 (9) 1.7 (1) 41 (2)
60 0.1836 (4) 0.0571 (4) 0.3322 (5) 0.0335 (5) 0.8401 (9) 0.8944 (10) 0.4487 (9) 14 (1) 4.0 (2)
80 0.1842 (4) 0.0567 (4) 0.3322 (5) 0.0336 (5) 0.8410 (9) 0.8924 (10) 0.4490 (9) 13 (1) 3.8 (2)
100 0.1835 (4) 0.0579 (4) 0.3337 (5) 0.0339 (5) 0.8381 (9) 0.8950 (10) 0.4485 (9) 1.3 (1) 3.6 (2)
120 0.1837 (4) 0.0575 (4) 0.3330 (6) 0.0342 (5) 0.8386 (9) 0.8947 (10) 0.4484 (10) 14 (1) 3.8 (2)
140 0.1843 (4) 0.0577 (4) 0.3328 (6) 0.0342 (5) 0.8403 (9) 0.8954 (10) 0.4495 (9) 13 (1) 3.8 (2)
160 0.1840 (4) 0.0581 (4) 0.3332 (6) 0.0344 (5) 0.8393 (9) 0.8961 (10) 0.4479 (9) 14 (1) 39 (2)
180 0.1840 (4) 0.0576 (4) 0.3325 (6) 0.0343 (5) 0.8394 (10) 0.8963 (11) 0.4496 (9) 1.4 (1) 39 (2)
200 0.1844 (4) 0.0574 (4) 0.3319 (6) 0.0344 (5) 0.8390 (9) 0.8957 (10) 0.4488 (9) 1.5 (1) 38(2)
220 0.1842 (4) 0.0579 (4) 0.3323 (6) 0.0341 (5) 0.8405 (10) 0.8949 (10) 0.4493 (9) 1.6 (2) 3.8 (2)
240 0.1843 (4) 0.0584 (4) 0.3322 (6) 0.0343 (5) 0.8388 (10) 0.8959 (10) 0.4494 (9) 1.7 (2) 34 (2)
260 0.1844 (5) 0.0585 (4) 0.3325 (6) 0.0348 (5) 0.8388 (10) 0.8982 (10) 0.4491 (9) 1.4 (1) 32(2)
280 0.1843 (5) 0.0589 (4) 0.3336 (6) 0.0349 (5) 0.8378 (10) 0.8979 (10) 0.4474 (9) 1.5 (1) 33(2)
300 0.1846 (5) 0.0594 (4) 0.3340 (6) 0.0346 (6) 0.8377 (10) 0.8984 (10) 0.4467 (9) 12 (1) 2.9 (2)
320 0.1845 (5) 0.0584 (4) 0.3330 (6) 0.0347 (6) 0.8373 (10) 0.8974 (10) 0.4502 (9) 14 (1) 2.8 (2)
340 0.1844 (5) 0.0592 (4) 0.3343 (6) 0.0345 (6) 0.8362 (10) 0.8982 (10) 0.4488 (9) 1.6 (2) 2.8 (2)
360 0.1855 (5) 0.0593 (4) 0.3331 (6) 0.0353 (6) 0.8368 (10) 0.9008 (10) 0.4483 (9) 14 (1) 2.3 (2)
380 0.1845 (5) 0.0592 (4) 0.3347 (6) 0.0350 (6) 0.8355 (10) 0.8997 (10) 0.4495 (9) 1.8 (2) 2.6 (2)
400 0.1863 (5) 0.0587 (4) 0.3323 (6) 0.0353 (6) 0.8378 (10) 0.8987 (10) 0.4504 (9) 1.6 (2) 2.4 (2)
420 0.1862 (5) 0.0593 (4) 0.3328 (6) 0.0352 (6) 0.8357 (11) 0.9016 (10) 0.4482 (9) 15 (2) 2.1 (3)
440 0.1858 (5) 0.0593 (4) 0.3341 (6) 0.0356 (6) 0.8338 (10) 0.9015 (10) 0.4495 (9) 1.6 (2) 1.8 (2)
460 0.1865 (5) 0.0595 (4) 0.3344 (6) 0.0349 (6) 0.8344 (11) 0.9011 (10) 0.4488 (9) 1.6 (2) 15(Q2)
480 0.1874 (5) 0.0590 (4) 0.3323 (6) 0.0348 (6) 0.8361 (11) 0.9024 (11) 0.4490 (9) 15 (2) 1.7 3)
500 0.1886 (5) 0.0589 (4) 0.3321 (6) 0.0354 (6) 0.8373 (11) 0.9021 (11) 0.4491 (9) 1.6 (2) 1.5 (3)
520 0.1884 (5) 0.0588 (5) 0.3330 (6) 0.0348 (6) 0.8350 (11) 0.9036 (11) 0.4485 (9) 1.6 (2) 13 (3)
540 0.1883 (5) 0.0579 (4) 0.3320 (6) 0.0340 (6) 0.8355 (11) 0.9045 (11) 0.4491 (9) 2.0 (2) 1.8 (3)
560 0.1895 (5) 0.0585 (5) 0.3319 (6) 0.0342 (7) 0.8352 (11) 0.9045 (11) 0.4480 (9) 1.9 (2) 1.4 (3)
580 0.1902 (5) 0.0573 (5) 0.3307 (6) 0.0342 (7) 0.8388 (12) 0.9049 (11) 0.4490 (10) 22 (2) 1.9 (3)
600 0.1905 (6) 0.0572 (5) 0.3314 (7) 0.0345 (7) 0.8371 (12) 0.9060 (11) 0.4481 (10) 23 (2) 1.6 3)

on experimental measurements of all four quantities involved
(Vocadlo, Knight et al., 2002).

3.2. Magnetic structure

In general, we would expect the effect of ferromagnetic
order on the intensities of the Bragg reflections in the neutron
powder diffraction pattern of Fe;C to be small as the nuclear
scattering in this material is strong; thus, we might expect
unambiguous determination of the ferromagnetic structure
solely from powder data to be very difficult. For Fe;C, the
onset of ferromagnetism need not be associated with a change
in crystal class. The point group of Fe;C is mmm; when time-
reversal symmetry is also allowed, there are eight corre-
sponding magnetic groups. Ferromagnetism is allowed in
three, namely mm'm/, m'mm’ and m'm’m (where the prime
signifies the time reversal operation), with the bulk magneti-
zation directed perpendicular to the ordinary mirror plane, i.e.
parallel to a, b and c, respectively. Careful examination of the
diffraction patterns above and below 7. did not reveal any
additional peaks, and so there was no indication that the
magnetic unit cell is different from the crystallographic unit
cell. The magnetic space groups that are consistent with this
observation are Pnm'a’, Pn'ma’ and Pn’m’a. There are two
distinct Fe sites in the unit cell; Fel sits on a general position
and Fe2 sits on the mirror plane (see below). The magnetic

moment of Fel is not constrained by symmetry to lie in any
fixed direction; that of Fe2 must be directed parallel to [010] in
space group Pn'ma’, while in space groups Pnm'a’ and Pn'm’a
it must lie in (010). Inspection of the axial ratios across the
magnetic transition (see below) suggested that the bulk
magnetization might be directed along [100] and thus that
Pnm'a’ is the most likely space group. Rietveld refinements
were carried out in all three possible space groups using both
data sets previously collected on POLARIS at 300K
(Vocadlo, Brodholt et al, 2002) and HRPD data at 42 K
(present study). For the POLARIS data, the magnetic
moments of both Fe atoms were initially fixed parallel to the
appropriate bulk magnetization direction; very similar values
of x* were obtained for all three space groups, 2.9 < x* < 3.1
(47 variables), whereas in the non-magnetic refinement, x* =
3.1 (45 variables). Further attempts to refine the magnetic
structure in Pnm'a’ without fixing the direction of the
magnetic moment did not lead to any improvement. Similar
inconclusive results were obtained from the HRPD data at
4.2 K. It appears, therefore, that our present experiments are
insufficient to determine the magnetic structure of Fe;C.

3.3. Crystal structure

The fractional coordinates and isotropic atomic displace-
ment parameters at all measured temperatures, with the

88 1. G. Wood et al. - Cementite

J. Appl. Cryst. (2004). 37, 82—90



research papers

crystallographic structure refined in space group Pnma, are
shown in Table 1. As we were unable to determine the
magnetic structure, this component of the scattering could not
be included in the refinement. Comparison of our results at
300 K with those of Herbstein & Smuts (1964; refinement from
X-ray powder data from Fe;C) shows no differences in coor-
dinates that can be regarded as significant; the majority differ
by less than one standard uncertainty of the difference and the
largest discrepancy (in C z) is less than 3.5 standard uncer-
tainties. The agreement with Fasiska & Jeffrey (1965; single-
crystal X-ray refinement from a sample of composition
Fe,;Mn,;C) is less good but still satisfactory, bearing in mind
that it will reflect, at least in part, real differences arising from

"VAV/AVAVA .

Figure 4

(a) Projection of the cementite structure down [100]. Only those atoms
with fractional coordinates in the range 0 < x < 0.5 are shown,
corresponding to a single close-packed pleated sheet of Fe atoms. (b)
Projection of the cementite structure down [001], showing the pleating of
the close-packed sheets of Fe atoms; the inter-sheet Fe-Fe contacts are
shown in the left-hand half of the diagram. (c¢) Local environment of a C
atom, viewed down [101], showing the trigonal prismatic coordination by
six Fe atoms.

the different chemical composition of the samples. For the Fe
atoms, which are well determined in both refinements, the
largest difference is that for the y coordinate of Fel
[0.0072 (4) A]. The x coordinate of the C atom differs by a
numerically greater amount [0.021 (3) A], but this can prob-
ably be attributed to the relatively poor determination of the
C-atom positions in the X-ray study.

It is clear, however, from Table 1 that the behaviour of the
isotropic displacement parameter of the carbon atom, which
falls smoothly from a value of about 0.04 A? at 42K to
~0.015 A2 at and above T, is not physically sensible. The most
likely explanation for this behaviour would seem to lie in our
neglect of the magnetic component of the scattering of the Fe
atoms. Thus, although comparisons with previous work show
that our structures are not grossly in error, we believe that the
accuracy of our coordinates is probably somewhat less than
might be supposed on the basis of their estimated standard
uncertainties and this suggests that caution should be exer-
cised when considering the effects of temperature on the
structure. The changes in the values of all of the coordinates
between 4 K and 600 K are slight. Although apparently
systematic trends are observed in some cases, for example, in
the x coordinates of Fel and C, the span of the values is similar
to the differences between our refinement and the results of
Fasiska & Jeffrey (1965). None of the five Fe fractional coor-
dinates changes by more than 0.007 across the full tempera-
ture range; the C z coordinate is similarly invariant, with the C
x coordinate (the largest shift in the structure) changing by
0.012.

Detailed discussions of the cementite structure have been
presented by Fasiska & Jeffrey (1965) and by Hyde &
Andersson (1989). Since the present study shows it to be
almost temperature invariant, we shall confine ourselves to a
few brief remarks. Cementite is possibly most easily viewed as
being derived from a hexagonal close-packed array of Fe
atoms. The close-packed sheets are, however, not flat but
‘pleated’, an arrangement which Hyde & Andersson (1989)
discuss in terms of repeated twinning. Figs. 4(a) and 4(b) give
projections of the structure viewed down the a and c axes,
respectively (i.e. perpendicular and parallel to the plane of the
pleated sheets). The folds of the pleats coincide with the
mirror planes in the structure at y = 1/4, 3/4 (Fig. 4b). Fe atoms
on special positions, Fe2, sit on the mirror planes and thus lie
along the ridges of the folds. The pleated close-packed sheets
lie parallel to (100) and are separated in the unit cell by a/2.
The carbon atoms also sit on the mirror planes, directly above
the fold lines, and are coordinated by six Fe atoms in a fairly
regular trigonal prism, as shown in Fig. 4(c). The Fe atoms in
general positions, Fel, are 11-fold coordinated by Fe atoms,
whereas Fe2 is 12-fold coordinated by Fe. In the case of Fel,
the arrangement of nearest neighbours is similar to that
observed in normal hexagonal close packing (with one C atom
completing the 12-fold coordination); the coordination of Fe2
is more irregular.

Inspection of the axial ratios suggests that the structural
consequences of the ferromagnetic transition mainly involve
the a axis: while b/a and c/a show a marked break in slope at
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T., c/b does not. The largest change in fractional coordinate
with temperature is that of C x, corresponding to a shift of
approximately 0.07 A in a direction perpendicular to the
pleated sheets. The four distinct C—Fe bond distances in the
trigonal prism change from 1.905 (6), 2.041 (6), 2.063 (6) and
2.109 (5) A at 20K, to 1.879 (7), 2.021 (6), 2.126 (7) and
2.124 (5) A at 600K, respectively, with the C atom thus
occupying a slightly less central position in its coordination
polyhedron as the temperature increases. Similar subtle
changes are observed in some Fe—Fe distances; even the
largest variation, however, amounts to only 0.06 A and in most
cases the changes are much less. A final quantity of interest is
the angle at which the pleated sheets are folded. Since the Fe2
atoms lie along the hinge lines of the folds, the folding angle is
given by 2tan"'[b/a(1 — 4xge)]; again, this angle is almost
temperature independent, varying from about 113.6° at 4.2 K
to a maximum of 114.35° around T..

4. Conclusions

We have shown that the volumetric thermal expansion coef-
ficient of cementite is very temperature dependent, with the
material showing a strong ‘Invar effect’. When modelling the
Earth’s interior, it is, therefore, essential that values appro-
priate to the high-pressure high-temperature phase of Fe;C
are used. Over the temperature range examined, the beha-
viour of the material may be adequately described by a
Griineisen approximation to the zero-pressure equation of
state, combined with a model of the magnetostriction based on
mean-field theory. Within the limitations of our structure
refinements, no obvious change in the crystal structure can be
seen on passing from the paramagnetic to the ferromagnetic
phase.
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