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Mossbauer resonance studies on Mn-substituted Fe,;N show that manganese occupies statistically both
iron sites in the lattice. Replacement of Fe by Mn modifies the crystal growth process of Fe,;N
magnetic particles and leads to improvement of the extrinsic magnetic properties, i.e., H; and o./o,

required for magnetic recording applications.

At present magnetic recording consti-
tutes an important research area due to the
fast-developing requirements of informa-
tion storage as a consequence of more so-
phisticated uses of the computer. A number
of specific characteristics may be required
for relevant materials:

—specific morphology: submicrometer
particles corresponding to magnetic mono-
domains, with a crystallite shape appropri-
ate to the required recording technique;

—magnetic characteristics: high values
of saturation magnetization (o) of rema-
nent magnetization (o), and of o,/o; ratios
on the one hand and a coercive field (H,)
high enough to be compatible with writing—
recording techniques and erasing proce-
dures (/) on the other hand.

Classical examples are the oxides derived
from y-Fe,0; (2) or from CrO; (3) and me-
tallic iron alloys (4). Recently Fe;N has
been the subject of intensive experimental
(5, 6) and theoretical (7) studies. The inter-
est in this nitride arises from the high value
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of its saturation magnetization: 208 emu/g
(extrapolated value at 0 K) (8), which is
very close to that of pure a-Fe (218 emu/g).
Moreover, as a fine powder Fe,N presents
a chemical resistance higher than that of
metallic alloys in fine powder form to oxi-
dation by air or water vapor. Partial substi-
tution of carbon for nitrogen which occurs
preferentially near the surface may enhance
such a phenomenon (9).

To achieve better control of the size and
the morphology of the magnetic particles,
substitution of iron by tin has been studied
using Mossbauer spectroscopy (9): tin sub-
stitutes preferentially for iron in one of two
available sites, i.e., Fe; at the corner posi-
tion, rather than Fej; at face centers (Fig.
1). This preference of Sn has been attrib-
uted to the size difference between Fe and
Sn—the atomic radii being 1.17 and 1.40,
respectively (/0)—with respect to the
larger size of site Fey (1.42 < r[Fey] = 1.55
A and 1.13 =< r[Fey] < 1.27 A).

In order to distinguish this size effect
from the influence of the electronic struc-



SUBSTITUTION OF Mn FOR Fe IN Fe,N 11

F1G. 1. Crystal structure of Fe,N.

ture of the substituting element, it was rele-
vant in a second step to investigate the sub-
stitution of iron by another element of
similar size. The neighboring elements are
Mn (Zg. + 1) with atomic radii ry, = 1.17 A
and re, = 1.16 A, close to that of iron (1.17
A). In this investigation we have carried out
the study of the solid solutions Fe,—,Mn, N,

I. Experimental Procedure for the
Preparation of Precursor and Magnetic
Crystallites

L.1. Preparation of Oxalate Precursors

The substitution of Mn for Fe into the
FeyN lattice can be achieved either by start-
ing with a substituted precursor or by add-
ing the substituent during the synthesis pro-
cess of the magnetic material. The first
alternative having been utilized, the proce-
dure began with the precipitation of a
mixed oxalate of iron and manganese [(Fe,
Mn)C,0, - 2H,0} by reaction between
aqueous solutions of oxalic acid and iron
and manganese sulfates. The chemical con-
ditions of pH and concentration were thor-
oughly studied (/7). Fe- and Mn- oxalates
of MC,0, - 2H,0O formulation have or-
thorhombic and hexagonal symmetries, re-
spectively (72). For Mn- substitution
amounts up to 0.70 the X-ray diffraction
patterns of the oxalates obtained by copre-
cipitation gave evidence of a unique phase

of orthorhombic symmetry. Because of the
close values of the ionic radii of corre-
sponding divalent ions (i.e., ruz = 0.80 A
and rpe- = 0.74 A (13)), only a slight in-
crease in the unit cell volume could be de-
tected (for instance: for x = 0, V/Z = 131
A3 and for x = 0.70, V/Z = 137 A%). We
have shown the actual presence of Mn
within the lattice by X-ray fluorescence us-
ing a STEM (scanning transmission elec-
tron micrograph) device.

1.2. Elaboration of the Magnetic
Crystallites

The mixed nitrides were prepared by ni-
triding the corresponding oxalates Fe,_,
Mn,C,04 - 2H,0; 0 < y < 0.25—such a
composition range corresponding to 0 < x
< 1, i.e., x = 4y, for the nitride—using a
fluidized-bed technique (6) at 400°C for 4 hr
with a mixture of NH; and H, as gas vector.
The experimental conditions required for
obtaining a unique phase isostructural with
Fe4N are such that the ratio r = NH;/H, of
the gas flow had to be reduced for increas-
ing concentrations of Mn (from 7 = 2.8 for y
= 0tor = 2.1fory = 0.225). This feature
may involve an enhanced reactivity of the
oxalate particles toward nitridization as x
increases. This feature can be related to the
higher thermodynamical stability of the
substituted nitrides but is also likely to
result from an enhanced reactivity of the
oxalates. In the utilized procedure the ex-
perimental conditions depend largely on the
specific area of the oxalate precursor (i.e.,
the particle size).

Partial substitution of nitrogen by carbon
is to be expected for the Fe—Mn nitrides
thus prepared. Actually, during thermal de-
composition an oxalate gives off carbon
monoxide which is in equilibrium with ele-
mental carbon and carbon dioxide (74).
This equilibrium gives rise to the carburiz-
ing conditions simultaneous with the exist-
ing nitriding conditions. The thermody-
namic conditions used for the synthesis of
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Fe,_.Mn,N were close to those formerly
adopted (I4) starting from other oxalates;
this material is likely to undergo an analo-
gous substitution whereby nitrogen is partly
replaced by carbon yielding a carbo-nitride:
Fes,o Mn,N;_.C., 0 <x < 1; 030 < g <
0.8.

The structure of FesN is derived from
that of y-Fe (fcc). A substitution within the
lattice which favors this structure is likely
to lead to a substituted nitride. Manganese
allows one to extend the existence of such a
v phase in iron-rich alloys (/5), and hence
favors the formation of the mixed nitrides
of Fe,N-type structure.

II. Structural and Morphologic
Characterizations of the Mixed Fe-Mn
Nitrides

I1.1. X-Ray Diffraction

The X-ray diffraction patterns do not ex-
hibit any significant modification of the cu-
bic unit cell parameter of FesN (a = 3.797
A) (16). This result can be explained by the
close sizes of both substituting elements as
well as by the small values of x. The lattice
parameter of isostructural MnyN is in fact
3.872 A (16).

I1.2. Méssbauer S'Fe Resonance

The Mdssbauer resonance spectrum of
the substituted nitride for x = 0.1 at room

temperature (293 K) is given in Fig. 2. It
can be deconvoluted into three sextets and
one central doublet (Table 1A). The param-
eters of each sextet are relatively close to
those characterizing the nonsubstituted
phase, i.e., Fe4JN (Table 1B).

Determining the ratio of the sums of in-
tensities of the resonance lines (R;) should
identify a preferential substitution site for
Mn. In fact, in Fig. 2, lines 1—at —5.24
mm/s—and 1'—at 5.68 mm/s—are relative
to site (I) and lines 3—at —1.60 mm/s—and
3’'—at 2.30 mm/s—are relative to site (II)
(cf. Fig. 1). It must be stressed here that
site (II) can be decomposed into two com-
ponents (II), and (II)g; this is due to the
electric field gradient at site (II). The ratio
R, is defined as: R, = (I} + I1)/(I; + I3),
where I is the intensity of the peak refer-
enced in index. Its value for the substituted
phase (0.41) is very close to that previously
determined for the nonsubstituted phase
Fe, N (0.45) (17). This result suggests that
when x is large enough to make a differ-
ence, either manganese does not substitute
for iron in FeyN (but this would be in con-
tradiction with the X-ray fluorescence) or
manganese has no significant site prefer-
ence. This result is opposite to that ob-
tained for Fes—,Sn,N (x = 0.4) where tin
preferentially substitutes for iron at site Fe;
(i.e., Fey,Fe;_Sn; N). This seems to indi-
cate the importance of the steric factor in
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Fi1G. 2. Méssbauer resonance spectrum of Fe, ,Mn, (N, C) at 293 K for x = 0.1.
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TABLE 1A
MOSSBAUER RESONANCE PARAMETERS OF Fe, Mn, (N, C) (x = 0.1) AT 293 K

Hyperfine field

Isomer shift

Quadrupole perturbation

H(T) 8 (mm/s) (mm/s) % obs.
Bulk
Fe(I) 342 0.2 0.22 + 0.02 = 0.01 £0.02 25
Fe(Il)s 21.5x0.2 0.33 = 0.02 = 0.11 = 0.02 43
Fe(Il)p 21.3 £ 0.2 0.32 = 0.02 = —0.12 = 0.02 21
Fine grains
Central doublet — 0.26 = 0.02 A= 0.34+0.02 11

the substitutions of iron by other elements
in Fe4N.

The central doublet represents about 11%
of the total iron content. As a matter of
fact, in all substituted nitrides formerly
studied—following the same preparation
process—i.e., Fe-Sn, Fe-Ru, and Fe-Os
(9, 17) there is an increasing percentage of
total iron in the centrai doublet when the
degree of substitution increases.

In these studies electron microscopy mi-
crographs as well as the determination of
the average size of the magnetic particle by
the X-ray Scherrer method (18) pointed to a
decrease in the size of grains to below the
monodomain size (= 150 A) (Fig. 3 for Fe—
Mn). For these systems as well as for those
presently studied, this involves superpara-
magnetic behavior for the smallest crystal-
lites. The high percentage observed in the
case of the Fe—Mn-N system suggests that
manganese plays a role in controlling the
size of the magnetic grains.

TABLE IB
MOsSBAUER RESONANCE PARAMETERs OF Fey (N, C)
AT 293 K
Hyperfine Isomer Quadrupole
field shift splitting
H (T) & (mm/s) & (mm/s)
Fe(I) 340 £ 0.2 0.24 +0.02 0.00 + 0.02
Fe(Ill)s 21202 029 +0.02 0.10 = 0.02
Fe(ll)y 21202 029 *0.02 -0.12+0.02

HI. Influence of the Substitution of
Manganese for Iron on the Magnetic
Properties of Fe,N

Figure 4a shows the variation with x of
the coercive field. The shape is similar to
that previously observed for the tin substi-
tution process (Fig. 4b (14, 17)).

The coercive field depends on two main
factors: a geometric one (size and shape)
and a magnetic one (magnetocrystalline ef-
fect) (19). It is well known that the spin-
orbit coupling constant of Mn (195 cm™!) is
lower than that of Fe (275 cm™!) (20). Con-
sequently no enhancement of the magneto-
crystalline anisotropy should be expected
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Fic. 3. Variation of the coercive field of

Fe,_ Mn (N, C) as a function of the particle size.
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FiG. 4. (a) Variation of the coercive field of Fe,_,Mn.(N, C) as a function of composition x. (b)
Variation of the coercive field of Fe,_,Sn,(N, C) vs x.

with increasing substitution of Mn. This
conclusion involves the shape of the H, =
f(x) curve largely governed by the geomet-
ric factors characterizing the microcrystal-
lites of Fe4—,Mn,N.

The shape of the average particle size
distribution curve (Fig. 3) can be compared
with that of the coercive field (H, = f(x);
Fig. 4a). This suggests that the average size
corresponding to magnetic monodomain
particles (= 150 A) is reached for x = 0.6.
For even higher values of x the decreasing
average size of the particles leads to an in-
creasing number of small grains with super-
paramagnetic behavior.

Figure 5 indicates the improvement of
the remanence ratio (S = o./o) for substi-
tution amounts lower than 0.5; i.e., Spax. =
0.4.

or may be considered an extrinsic prop-
erty of the magnetic particles. For polydo-
main particles—after saturation of the sam-
ples and in the absence of magnetic
field—the remanent magnetization is lower
than that of the monodomain particles, due
to the existence of nonaligned magnetic
moments. This could explain the increase

in the o,/0 ratio-~which is hence an ex-

trinsic property of the material—with the

decrease in particle size, i.e., with the ten-
dency to formation of monodomains, at

least for x = 0.5.

IV. Conclusion

The investigation of the substitution of
manganese for iron in the Fe,N lattice
shows that this element can occupy without
apparent preference both lattice sites. This
result seems to illustrate, insofar as it can
be related to previous observations for Sn
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F1G. 5. Variation of the remanence § (§ = o,/0;) of
Feys_,Mn, (N, C) as a function of x.
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substitutions, the predominant influence of
size on the determination of the substitu-
tion site. Furthermore, despite random sub-
stitution, manganese plays an important
role in determining the size of the magnetic
crystallites rlnrmo the nitride formation

step. The important variation of the intrin-
sic magnetic properties with substitution
gives further support to the actual substitu-
tion of Mn within FesN. Therefore manga-

nese is a valuable substituent: bcua‘\iac of its
particle size, it permits control over the
magnitude of the coercive field as well as
over the squareness of the hysteresis loop.
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