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The substitution of iron in Mn,SiC has been studied by Mossbauer spectroscopy at room temperature. The
Mn,; site is the first saturated site while the filling of the Mn, site is the most difficult. The magnitude of the
quadrupole splittings of iron atoms having two carbon nearest neighbors at a distance close to 2 A in Fe,C.
Fe,C,, Mn,SiC, and some M ;M'C perovskite carbides in the paramagnetic state are discussed. These
quadrupole splittings are practically insensitive to the metallic neighborhood of the sites under considera-
tion. They increase regularly with the angle of the two iron—carbon bonds.

Introduction

Many carbides such as M,C, M,C,, M,C,,
M SiC, M,Si,C, where M is a transition metal
atom chosen among (Cr, Mn, Fe, Co) possess
a common structural element constituted by a
trigonal prism of M atoms centered on a
carbon atom. In a preceding paper (7) referred
to as I, we have shown the similarities between
the Mdssbauer hyperfine parameters of Fe,C
and Fe,C,. In order to search for a common
behavior of the hyperfine parameters of the
carbides quoted above, we have undertaken a
5TFe Mossbauer study of the solid solution
(Mn,_ Fe )SiC which exists in the range
0<x<0.6(2).

We have investigated the iron substitution
and the isomer shift and quadrupole splitting
variations as a function of x at room tempera-
ture where these carbides are paramagnetic.
The paramagnetic quadrupole splittings of iron
atoms in Fe;C, Fe,C,, in (Mn,_,Fe,);SiC, and
in some cubic perovskite carbides are dis-
cussed.
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Experimental Methods

The samples are obtained by solid state
diffusion, between 800 and 1200°C, from a
mixture of high purity elements: Mn (99.9%),
Fe (99.9%), Si (99.99%), C (99.99%) as
described by Spinat (2). Mdssbauer spectra of
(Mn,_,Fe);SiC were obtained at room
temperature for six values of x ranging from
x =0.018 (*'Fe enriched sample) to x =0.5,
with the help of a constant acceleration Elron
Spectrometer. The Mossbauer spectra (400
channels, 10° counts per channel) have been
analyzed by a least-squares computer program
assuming Lorentzian shapes and assuming
that the two peaks belonging to a doublet have
equal widths and amplitudes.

Crystallographic Structure and Magnetic
Properties of (Mn,_,Fe,),SiC

Mn,SiC is an orthorhombic carbide (spatial
group Cmc2,) with lattice parameters
a=(10.198 + 0.001) A, b= (8.035 + 0.001)
A, ¢ = (7.630 + 0.001) A (2). The structure
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has been determined by Spinat and Herpin
from X-ray (2) and neutron diffraction (3)
studies. It can be described by a set of planes,
perpendicular to the [100] direction, contain-
ing Mn, Mn-C, Si, Mn, ..., atoms, respec-
tively. The manganese sites are respectively
Mn,, Mn,;, Mn,, Mn, (eight atoms in the
general position per unit cell) and Mn,, Mn¥
(four atoms in the special position). The metal
atom lattice can be described by a chain of A
and B octahedra (Fig. 1). These A and B octa-
hedra are formed from (2Mn,, 2Mn;, 2Mn,)
and (2Mn,, 2Mn,, Mn,, Mn¥), respectively.
Neutron diffraction (3) shows that carbon
atoms (C and C*) are located at the centers of
trigonal prisms P analogous to the ones found
in M,C, M,C,, and M,C, type carbides (Fig.
.

The coordination numbers C.N. of the man-
ganese atoms are 11 for Mn, and Mn,, 12 for
Mn, and Mn%, 14 for Mn, and Mn,. From
their neutron diffraction results, Spinat and
Herpin (3) have shown that the elements,
whose atomic radii are less than that of man-
ganese, substitute preferentially into the sites
of lowest coordination. The Mn, and Mn, sites
are totally substituted in (Mn, Fe,,),SiC
while the Mn, and Mn?¥ are only partially

FIG. 1. Crystal structure of Mn,SiC.
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TABLE 1

M0OssBAUER EFFECT STUDY OF THE Mn-Fe SussTITU-
TION AT ROOM TEMPERATURE

Mn-C Mn-Si
Crystallographic distances distances
site C.N. (A) (A)
Mn, 11 200 403 239 4.04
206 4.07 (2) 4.12
Mn, i1 202 384 234 3.45
205 4.00 246 4.11
Mn, 12 251 358 254 2.72
279 360 (2) (2)
Mn?* 12 218 307 262 491Q)
232 316 (2) 4.92(2)

substituted. The filling of these last four sites
corresponds to the solid solution limit
x = 0.6. These authors have proposed that,
starting from x = 0, the Mn, and Mn, sites are
first substituted and that the Mn, and Mn¥ are
later simultaneously substituted.

Table I gives the Mn—C and Mn-Si dis-
tances for the sites of lowest C.N. These
distances decrease with x (3). We finally note
that the Mn, and Mn, sites are similar to the
Fe, site of cementite.

Spinat (3) has shown that MnSiC is
magnetic with a Curie temperature of
(284 + 1)°K. The determination of the man-
ganese magnetic moment is difficult: at 20°K
under 26.6 kOe, the measured moment is 0.35
4y per Mn atom but the saturation of the
magnetization is not reached under these
conditions. The magnetic structure is complex.
It can be described by both an antiferro-
magnetic and a helimagnetic sublattice. When
iron is substituted for manganese, the Curie
temperature first decreases from x=0 to
x ~ 0.43 (T, < 77°K) and then increases up to
T, = (183 + 2)°K for x = 0.6.

Méssbauer Effect Study of the Mn~Fe
Substitution at Room Temperature

Figure 2 shows the Md{ssbauer spectra of
(Mn,_,Fe ),SiC, at room temperature, for
x=0.018 (*'Fe), 0.1, 0.2, 0.3, 0.4, and 0.5.
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Fic. 2. Mdssbauer spectra of (Mn,_.Fe),SiC at
room temperature.

The first spectrum (x = 0.018) shows that at
least three iron sites exist from the lowest iron
contents on. We have calculated the experi-
mental spectra with the help of three sym-
metric doublets 1, 2, and 3. The only satisfy-
ing combinations of these doublets are shown
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in the first column of Table II and the X ?(x)
values for 400 experimental points are given.

The second combination is clearly the best
one. This conclusion will be further confirmed
in the discussion. As, at least for x = 0.5, the
four sites Mn,, Mn,, Mn,, and Mn} are known
to be substituted (3), we have performed a
second calculation with four doublets 1, 2, 3,
4. The quadrupole splittings of sites 1, 2, 3 do
not significantly vary with x (Table III) and
have been used in the second fitting. The
results are given in the last line of Table IL. The
amplitude of the fourth doublet is only signifi-
cant for the three highest iron contents (Fig.
4).

The number n; (x) of iron atoms in site { is
deduced from

Al
-— |

2 (Adf)
k=1

M

nix)=5x

where A4, is the area of the kth doublet and f,
the corresponding Debye—~Waller factor. The
structure imposes the following restrictions on
the n,(x) values:

nan(x), nMn;(x) £0.5,

nMnJ(x), Mg, (X) < 1.
To obtain an order of magnitude of the
mean Debye—Waller factors of the Mn,, Mn%,

Mn,, Mn, sites, we have used the anisotropic
temperature factors determined by Spinat et

)

TABLE II
x 0.018 0.1 0.2 0.3 0.4 0.5
3
[ — 527 556 912 563 1064 1289
I — |
fo——t3
—1 2 497 309 270 287 283 341
R )
—_—3
2
— 1 497 309 270 278 301 337
— 4
0 | mm/sec
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TABLE III
Doublet
no. Site 0.018 0.10 0.20 0.30 0.40 0.50
4 (mm/sec) + 0.01 | Mn? 0.71 0.70 0.71 0.72 0.71 0.70
2 Mn, 0.36 0.36 0.37 0.38 0.37 0.37
3 Mn, 0.28 0.28 0.29 0.29 0.29 0.29
4 Mn, — — — 0.44 0.46 0.42
J (mm/sec) + 0.01 1 Mn? 0.22 0.23 0.23 0.24 0.24 0.24
2 Mn, 0. 0. 0. 0. 0.01 0.
3 Mn, 0.15 0.15 0.14 0.14 0.14 0.12
4 Mn, — — — 0.30 0.33 0.31
I' (mm/sec) + 0.01 1 Mn? 0.26 0.24 0.22 0.22 0.25 0.25
2 Mn, 0.23 0.21 0.21 0.21 0.23 0.24
3 Mn, 0.25 0.27 0.28 0.28 0.27 0.28
4 Mn, — — — 0.22 0.25 0.25
n+0.02 | Mn¥ 0.01 0.05 0.14 0.22 0.34 0.49
(0.02) (0.06) (0.15) (0.24) (0.35) (0.50)
2 Mn, 0.03 0.13 0.23 0.30 0.43 0.53
(0.03) (0.14) (0.24) (0.32) (0.45) (0.54)
3 Mn, 0.05 0.32 0.63 0.92 1.04 1.09
(0.04) (0.30) (0.61) (0.88) (0.98) (L.0D
4 Mn, — — — 0.06 0.19 0.39
(0.06) (0.22) (0.45)

al. (2, 4) by X-ray diffraction. These factors
allow us to calculate the mean-square dis-
placement (X?) along any direction (5).
Weighted means of f=exp {—(X?2)/A?} are
finally deduced for a random powder sample
(X = A/2m, where 1 is the wavelength of the
14.4-keV radiation). This calculation gives the
following Debye—-Waller factors (normalized
with respect to the largest factor):

an) = 1’

San, =08, frant =Son, = 0.9,
3)

and shows that the amplitudes of the two
peaks of each doublet are equal within less
than 1%.

The values n,(x) (Eq. 1) are given in Table
Il for fi=f,=f;=f,=1 For x=0J50,
relations (2) show that the doublets 2 and 3
correspond to the Mn, and Mn, sites (this
assignment is in fact sufficient for the dis-
cussion of the quadrupole splittings). As n,
must be less than or equal to 1, we deduce that
the Debye—Waller factors f, and f; must be
different and that f, < f;. From Eq. (3), we

then attribute the doublets 2 and 3 to the Mn,
and Mn, sites, respectively.

The extrapolation of n,(x), for x =04, to
x=0.6 (Fig. 4) gives n, (0.6) =0.5 in agree-
ment with relations 2. The first two n, values
are also aligned with the point (x =0.6,
n, =0.5) (Fig. 4). This further confirms our
attribution of the doublets 2 and 3 to the Mn,
and Mn; sites.

Spinat and Herpin (3) have determined the
atomic positions for x =0.5. The reliability
factor is, however, two times greater than that
found for Mn,SiC. Nevertheless, this deter-
mination shows that the distances between an
atom occupying the Mn,, Mn¥, Mn, crystallo-
graphic sites and its nearest neighbors decrease
faster with x than those of the Mn, site. This
may explain that it is difficult to fill the Mn,
site (Fig. 4) and that it becomes more and more
difficult to prepare the (Mn,_,Fe, ) SiC solid
solution when x becomes increasingly larger
and practically impossible to reach the x = 0.6
limit (3).
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Fi1G. 3. Quadrupole splittings and isomer shifts of the
temperature.

We then assume that iron substitutes
preferentially among the sites of lowest C.N.
into those offering the smallest volume. We so
attribute the doublet 1 to the Mn? site and the
doublet 4 to the Mn, site. We will later see that
this scheme provides a coherent description of
the quadrupole splittings of these sites.

Table III gives the quadrupole splittings A4,
the isomer shifts & with respect to metallic iron
at room temperature, the widths I" of each
doublet and the number n of iron atoms per
site, calculated from f, = f, = f, = f, = | and
from Eq. (3) (numbers between brackets).

The A(x), d(x) curves are plotted on Fig. 3,
the values 4(0.6) and 4(0.6) for the various
sites, deduced from a linear fitting, are also
indicated. Mossbauer spectra were also ob-
tained at 190°K for x = 0.3, 0.4, 0.5. They
lead to quadrupole splittings identical to those
of Table III. The n(x) curves are shown on
Fig. 4. These curves are practically linear for

various sites, as a function of x, in (Mn,__Fe ),SiC at room

x<0.4 (x<0.3 for nMn]). the Mn, site filling is
the fastest and this site is saturated around
x =0.43.

In conclusion, the present study shows that
iron atoms are substituted into three sites,
instead of two as postulated by Spinat and
Herpin (3), from the lowest iron contents on.
Our results, for x = 0.5, agree with those of the
last authors with the restriction that the Mn,

NUMBER OF IRON
ATOMS PER SITE
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FiG. 4. Iron substitution in (Mn,_,Fe),SiC as a
function of x.
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and Mn, sites are not equally occupied. When
x increases, the local distortions favor the
filling of new sites, for example, the Mn, site
above x ~ 0.25. The Mn, site’s distortions are
weaker and explain the difficulty in filling this
site.

Discussion

We will essentially discuss the hyperfine
parameters of cementite type and related
carbides in the paramagnetic state.

The Mn,; and Mn, sites of Mn,SiC are
similar to the Fe,, site of Fe,C and Fe,C,. The
coordinations are the same as are approxi-
mately the metal-metal and metal-carbon
distances. However, the presence of silicon in
the neighborhood of iron atoms needs to be
considered. The quadrupole splittings are, in
absolute value, 0.32, 0.37 (1), 0.28, 0.36
mm/sec for the Fe, site of Fe;C and Fe,C,
and Fe in the Mn,, Mn, sites of MnSiC,
respectively.

As already noted by Fruchart (6), the
cementite type and related carbides all show
short metal—carbon distances of the order of
2 A. This reveals the existence of strong metal-
carbon bonds which are responsible for the
cohesion of the trigonal prism encountered in
all these structures. From the rapid variation
of the function 1/r, where r is an electron—
nucleus distance, the electrons which partici-
pate in these strong bonds are expected to give
the major contribution to the quadrupole split-
tings measured at the iron nucleus. In order to
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test this hypothesis, we will consider the abso-
lute values 4 of the quadrupole splittings of
iron atoms having two carbon nearest
neighbors at a distance close to 2 A in
cementite type and related carbides in the
paramagnetic state. Such atoms also exist in
various cubic perovskite carbides M M'C
(M = Fe or Mn, M’ = Al, Ga, Ge, Zn, Sn) (7,
8) and will be included. Although such iron
atoms are also encountered in ¢ carbide (9) or
in splat-quenched Fe—C and Fe-C—Si ¢ phases
(10), they will not be considered because it is
difficult to know their quadrupole splittings
in these metastable and nonstoichiometric
phases. The effect of the next nearest
neighbors, generally situated at much greater
distances, will also be discussed. We will first
show that the quadrupole splittings are
practically insensitive to the metallic neighbor-
hood of the iron atoms under consideration.

1. Fe,C-Type Carbides

Table IV summarizes the various experi-
mental results, 4; and 4,, being the absolute
values of the quadrupole splittings of Fe; and
Fe,, respectively.

The indexing of the Fe,C Mossbauer
spectra made by Huffman et al. (11) leads to
an isomer shift difference 46 = d;; — J;, =
(0.17 + 0.01) mm/sec above the Curie
temperature 7, while, below T, 4d is known to
be zero within experimental uncertainties (/,
12). As so large a discontinuity in 44 is not
expected, we have recalculated 4, and 4,; from
the data of these authors using our indexing

TABLE IV
Compound 4, (mm/sec) 4, (mm/sec)  Reference
Fe,C 0.68 + 0.03 0.32 + 0.01 )
0.65 + 0.02 031 +0.02 e
0.58 + 0.04 0.32 +0.04 (12)
(Fe,_,Cr),C,0<x<0.245 Experimental data fitted with (13)
only one quadrupole doublet,
4 ~0.4-0.5 mm/sec
(Fe,_,Mn,),C,0 < x<0.60 0.66 + 0.01 0.33 £ 0.02 (l1)e

a Recalculated values.



MOSSBAUER EFFECT IN SILICO-CARBIDES

(1) which gives 40 = (—0.03 + 0.03) mm/sec
above T, The recalculated values agree well
with ours. Finally, the donor theory (/)
cannot contribute to the correct indexing of
the peaks because this theory cannot interpret
both the isomer shifts and the hyperfine fields
of the Fe, and Fe,, atoms.

The quadrupole splittings are independent
of x in (Fe,_ Mn,),C. The same is true in
(Fe,_,Crp;C from the results of Shigematsu
(13) in spite of oversimplified Mossbauer
spectra fittings. The 4 values obtained by the
last author agree with the 4 value (0.45 + 0.06
mm/sec) found by Maksimov ef al. (I4) in
Fe,C from the same simplified analysis.
(Fe,_,Crp),C carbides have also been studied
by Kuzmann et al. (15). However, their paper
does not give the hyperfine parameters deduc-
ted from the fittings.

Simple point—charge calculations also show
that the metallic contribution to the total
lattice electric field gradient is less than 10%
for Fe, and Fe,. Although little is known
about the temperature variations of the
quadrupole splittings, we note that the same 4
values are measured for Fe,C at 551°K (1)
and for (Fe,_Mn,),C (x > 0.010) at room
temperature. We have calculated the iron-
carbon and iron—iron distances with the help
of the atomic positions and lattice parameters
determined by Fasiska and Jeffrey (16). Our
results agree with theirs, except for the number
of carbon nearest neighbors of Fe,,. They have
found three Fe,~C distances of 2.04 A while
we have found only two. The Fe; atom has a
third carbon neighbor at 2.85 A. Its influence
is certainly much less than the one of the two

195

carbons at 1.97 and 1.99 A. On the contrary,
the Fe,; atom has a third carbon neighbor at
2.37 A which may be responsible for a larger
part of the total quadrupole splitting.

2. Fe,C,Type Carbides

The Fe,;, atom which has four carbon atom
neighbors at 2.07 A will not be considered.
The 4, and 4;; quadrupole splittings are also
independent of x in (Fe,_ Mn,),C, (Table V).

The indexing of Huffman et al. (11) has also
been shown (/) to lead to too great an isomer
shift difference variation at the Curie tempera-
ture. The recalculated values, using the index-
ing of paper I, also agree with ours. The last
remarks made for Fe,C are also valid for
Fe,C,.

3. (Mn,_ Fe)SiC

The quadrupole splittings are independent
of x (Fig. 3). Only minor differences in the
Mn-Si distances for the Mn, and Mn, sites
(Table I) produce a strong variation of their
isomer shifts (Table III) while the quadrupole
splittings are nearly the same. The assumption
that silicon modifies mainly the number of iron
4s electrons, is consistent with the experi-
mental observations. In this case, silicon would
only slightly affect the quadrupole splittings.
This may explain the similarities between the
quadrupole splittings of the Fe,, (Fe,C, Fe,C,)
and Mn;, Mn, sites. The same effect is
observed in §-FeSi, (I7). In this compound the
two iron sites are nearly identical. The Fe-Si
distances are distributed in the range 2.34—
2.39 A for one site and 2.33-2.44 A for the
other. The quadrupole splittings are the same

TABLE V
Compound 4, (mm/sec) 4,; (mm/sec) Reference
Fe,C, 0.79 + 0.02 0.37 +0.02 (03}
(Fe, ;Mn, )C, 0.81 +0.02 0.37 £ 0.02 Unpublished
results
(Fe, Mn, ,)C, 0.73 £+ 0.02 0.38 + 0.02 ne

2 Recalculated values.
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but the isomer shifts differ by 0.12 mm/sec.
The Mn,~C distances are greater than the
Mn3-C distances (Table I). This may account
for a greater Mn¥ quadrupole splitting. We
note finally that the ratio of the quadrupole
splittings of the Mn, and Mn¥ is (1.6 + 0.1)
while the corresponding ratio, to the power
—3, of the mean metal-carbon distances is
1.63.

4. M;M'C Perovskite Carbides

In these carbides, each M atom has two
carbon nearest neighbors at a distance slightly
less than 2 A. The next nearest neighbors are
at distances of the order of 4.4 A and will be
neglected. Some MGossbauer spectra, such as
those of Fe;AlC,, Fe,GaC, (x< 1) are
complicated by supplementary broad lines
related to the nonstoichiometry of these
carbides (7). All the measured quadrupole
splittings lie around 1.5 mm/sec, a large value
generally not encountered for compounds
presenting a metallic behavior. It seems that
the electric field gradients are similar on *’Fe
and **Mn in Mn;GaC and Mn,ZnC (7, 8, 18).
The perovskite carbide Fe,C does not exist.
However, regions of ordered Fe,C were
assumed to result from the aging of iron—
carbon martensite at room temperature (/9,
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20). The hyperfine parameters, in the magnetic
state, are drawn from a very complex
spectrum. The quadrupole splitting of the face-
centered iron atoms seems anomalously weak
(0.01 mm/sec), except if the easy direction of
magnetization is of the [111] type. Finally, the
quadrupole splittings of these perovskite car-
bides do not vary with temperature.

Table VI summarizes the preceding dis-
cussion. It gives the iron—carbon (and iron—
silicon for Mn,SiC) distances d less than 2.5 A
and the angle §(C—Fe—C) of the two shorter
iron—carbon bonds for each site. The quadru-
pole splittings" are expected to depend on & if
the two carbon atoms mainly determine their
values. The results are presented in the order
of increasing 6.

The Mnj} site of Mn,SiC has also been
included. The mean iron—carbon distance is
2.25 A for this site and 2 A for the ensemble of
all the others. A rough estimation 4* of the
quadrupole splitting which would be obtained
if the two carbon atoms were situated at 2 A is
A4* = 0.71(2.25/2) ~ 1 mm/sec. We note
finally that a plot of 4 versus sin @ leads to the
empirical relationship 4, /... L5 (1-
0.8 sin §). A simple point—charge calculation
gives the right direction of variation of 4
with € but, due to its simplicity, not the

TABLE VI
Compound Iron site d(A) f(°) 4 (mm/sec)
Fe,C Fe,, 2.03-2.04 99 0.32
2.37
Mn,SiC (*'Fe) Mn, 2.00-2.06 102 0.28
2.39 (Si)
Fe.C, Fe,, 1.98-2.01 103 0.37
2.22
Mn,SiC (*7Fe) Mn, 2.02-2.05 105 0.36
2.34(Si)-2.46(Si)
Fe,C, Fe, 1.97-1.99 142 0.80
Fe,C Fe, 1.97-1.99 144 0.68
Mn,SiC ('Fe) Mn? 2.18-2.32 158 0.71
Mn,GaC (*'Fe) Mn 1.95-1.95 180 1.5
Mn,ZnC (*'Fe) 1.96-1.96
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correct order of magnitude of the ratio
4(180°)/4(90°).

Conclusion

The quadrupole splittings of iron atoms
having two carbon nearest neighbors, at a
distance close to 2 A, in Fe,C, Fe,C,, Mn,SiC,
and M, M'C in the paramagnetic state, have
been considered. The two strong iron—carbon
bonds are responsible for the main part of the
observed quadrupole splittings. These quadru-
pole splittings are nearly independent of the
metallic neighborhood of the considered iron
sites and increase regularly with the angle of
the two iron—carbon bonds. Further con-
firmations of these conclusions are needed and
we will soon study the (Mn,_.Fe,),C; solid
solution.
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