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Neutron powder diffraction measurements on g-Mn3N2 and h-Mn6N5zx (x~0.26) revealed the nuclear and

magnetic structures of these metallic interstitial compounds.

At ambient temperatures the crystal structures of both materials derive from an fcc arrangement of Mn with

N occupying octahedral sites. The unit cells are face-centred tetragonal, g-Mn3N2: a~4.2046(1) AÊ ,

c~12.131(1) AÊ #364.041 AÊ ; h-Mn6N5.26: a~4.2193(1) AÊ , c~4.1287(1) AÊ . Both phases show an

antiferromagnetic ordering of the ®rst kind with magnetic moments between 3.3 and 3.8 mB.

The data for g-Mn3N2 con®rm a previously reported ordered arrangement of N on 2/3 of the octahedral

sites and the collinear antiferromagnetic superstructure with the magnetic moments oriented perpendicular to

the tetragonal c axis. However, a close inspection of the data reveals some systematic ambiguities of the

magnetic structure which are analysed in detail.

In h-Mn6N5zx (x~0.26) the N atoms show no long-range occupational order on the octahedral sites. At

ambient temperatures the collinear magnetic moments are tilted by 23³ relative to the tetragonal c axis. High

temperature neutron powder diffraction measurements reveal a simultaneous decay of the sublattice

magnetisations and the tetragonal distortion of the cell dimensions. At about 550 K the magnetic moments

align parallel to the c axis, and up to the critical temperature of 660 K they decrease continuously to zero.

Parallel to this, the tetragonal distortion of the unit cell reduces and ®nally approaches a face-centred cubic

structure.

The consequences of the results with respect to the Mn/N phase diagram are discussed.

Most of the binary nitrides MNy with M~3d metal and yv1
may be classi®ed as interstitial nitrides.1 These are, in general,
harder, less ductile and less sensitive towards corrosion than
the parent metals. From these properties the technological
importance2 of 3d metal nitrides is derived. In particular, iron
nitrides are often generated on the surfaces of work pieces
made of steel. Also nitrides of many alloy elements are formed
during such processes, including manganese nitrides.2

The crystal structures of interstitial nitrides in most cases
derive from an fcc or hcp arrangement of M with N occupying
octahedral sites in a more or less ordered way.1,3 Most studies
on the crystal structures of interstitial nitrides are based on X-
ray diffraction on powders. Owing to the small scattering
power of N compared to that of the metal atoms, this method
allows only a qualitative investigation of the superstructures
caused by ordering of N. However, neutron diffraction4 is a
powerful tool to study quantitatively ordered distributions of
N in interstitial nitrides of 3d metals.5±11 The nuclear scattering
length of N is one of the highest of all elements of the Periodic
Table. Furthermore, neutron diffraction can give valuable
information about long-range ordered magnetic structures
occurring in many nitrides of 3d metals7±9,12±15 which are of
particular theoretical interest in comparison to the magnetic
properties of the pure 3d metals.

For yw0.5 two different manganese nitride phases MnNy are

reported (for a review see ref. 16): the g-phase (0.61vyv0.69)
and the h-phase (0.85vyv0.96). The crystal structures of both
phases are based on a tetragonally distorted fcc arrangement of
Mn with c/av1 (relative to the fcc unit cell) with N on slightly
distorted octahedral interstices. Whereas manganese nitrides
with yv0.5 can readily be prepared from Mn and N2, for the
synthesis of nitrides with yw0.5 commonly NH3 or NH3/H2 is
passed over Mn. In many cases this method is used to prepare
nitrides which cannot be obtained from metal and nitrogen
with attainable pressures.17,18 For the g-phase very few reports
about a preparation from MnzN2 exist.19 The synthesis route
used here con®rms that this is indeed possible.

The g-phase is commonly referred to as g-Mn3N2. In this
formula 2/3 of the octahedral sites are occupied by N. This
occurs in such an ordered way that two inequivalent Mn sites
result. One is coordinated twofold and the other ®vefold by N
(Fig. 1). The unit cell of the superstructure contains three fcc
unit cells. This ordering pattern of NÐas derived from X-ray
powder diffractionÐwas for the ®rst time reported in a review2

citing a conference abstract.20 However, experimental details
were not given.

Without knowledge of these works the crystal structure of
g-Mn3N2 was redetermined by X-ray diffractometry on single
crystals grown from supercritical ammonia.21 Neutron powder
diffraction data8 con®rmed the ordering of N and established
an antiferromagnetic superstructure as given in Fig. 1. The
crystallographically distinct Mn sites carry magnetic moments
of different magnitudes (Table 1). The overall magnetic
structure is antiferromagnetic of the ®rst kind,22 i.e. ferromag-
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netic layers in (001) are coupled antiferromagnetically along
[001]. The magnetic moments are oriented perpendicular to
[001]. The magnetic susceptibility of g-Mn3N2 below ambient
temperatures shows the behaviour of a Pauli paramagnet.8

However, measurements at T¡1000 K show a maximum of
susceptibility at about 913±923 K indicating the NeÂel tempera-
ture.23 DSC21 and DTA23 investigations indicate an endother-
mic effect at similar temperatures.

The X-ray diffraction patterns of the g- and h-phases are
very similar, but the two phase ®eld g/h was clearly
established.24 The h-phase is often referred to as h-Mn6N5,
which corresponds roughly to the lower compositional limit.
However, this formula cannot be related to an ordered
superstructure of N of that particular composition. In fact,
in several investigations concerning the crystal structure of the
h-phaseÐperformed using X-ray diffraction data on pow-
ders,20 on c/a twinned ``single crystals''8,25 or by using electron
diffraction on powders26Ðno hints of long-range order of N
were observed. Nevertheless, the unfavourable ratio of the
scattering powers of Mn and N makes it possible that weak
superstructure re¯ections were missed in these studies. A
recently reported MnN produced by DC reactive sputtering
was characterised by X-ray diffraction and magnetometry.27

Crystallographic data indicate that this material belongs to the
h-phase with, however, unexpected large lattice constants. The
magnetic properties are similar to those reported previously23

for h-phase materials.
High temperature electron diffraction26 revealed a probably

continuous phase transition for h-manganese nitrides of
various compositions: the cell dimensions change continuously
from face-centred tetragonal to face-centred cubic at about
700 K. There are values reported for different N contents,
however no simple trend results as a function of composition.
This phase transition explains c/a twinning of the crystals of the
h-phase which were grown above 700 K in supercritical
ammonia.8,25

There are hints that the two-phase ®eld gzh disappears at
elevated temperatures:28 Mn powder was nitrided at 870 K
with varying nitridation atmospheres (NH3/H2 ratio) and then

quenched to ambient temperature. The resulting reaction
products had a tetragonally distorted fcc structure of Mn and
showedÐas a function of N contentÐa continuous variation
of cell parameters from typical values of the g-phase to those of
the h-phase. Only subsequent annealing at 670±770 K resulted
in phase separation into g- and h-phases of higher and lower N
content. From these results a modi®ed phase diagram was
suggested (Fig. 2) containing one single g-phase ®eld with a
critical point. Motivated by this, the authors referred to the g-
and the h-phase as g' and g@.

This, however, does not take into account the presence of
ordering of N in the g-phase as well as the observed phase
transitions for both the g- and the h-phase.

We now analysed the distribution of N and the magnetic
structure within the h-phase using neutron diffraction.
Furthermore, the phase transition tetragonal±cubic at about
700 K was studied in order to clarify a possible interplay
between changes in cell dimensions and magnetic ordering in
the h-phase. For comparison we re-examined the crystal and
magnetic structures of g-Mn3N2 at ambient temperatures.
DSC investigations accompanied the neutron diffraction
studies.

Experimental

Preparation and characterization

g-Mn3N2 was prepared from manganese (Fluka AG, Buchs,
CH, w99% contains 0.2 wt.% O, particle size 0.3 mm) and
NaN3 (Fluka Chemie, Neu-Ulm, D, w99.9%). 4±10 g Mn were
reacted with an excess of 20% of NaN3Ðwith respect to the
formation of Mn3N2Ðin steel autoclaves.29 The autoclave was
®lled under an inert Ar atmosphere30 and heated to 750 ³C for
6 d. It was cooled by switching off the furnace. A high residual
N2 pressure was released from the autoclave when opened. The
crude product consisted of g-Mn3N2 in a matrix of Na metal
produced from thermal decomposition of the NaN3. The
material was carefully brought into EtOH to remove Na. Then
the residual material was washed with water, aqueous NH4Cl
solution, ®ltered, again washed with water, EtOH and Et2O,
and ®nally dried in vacuum. Guinier powder patterns (FR552,
Enraf-Nonius Delft, NL; CuKa1 radiation; corrected using Si
standard) of the ®nal product showed only re¯ections of

Fig. 1 Nuclear and spin structure of g-Mn3N2 given for one unit cell in
a face-centred tetragonal setting. The arrows represent the magnetic
moments according to the antiferromagnetic structure of the ®rst kind.
The dashed lines indicate the pseudo-cubic unit cell of the rocksalt type.

Table 1 Nuclear and spin structure of g-Mn3N2 as obtained from a
previous neutron diffraction study at ambient temperature.8 Space
group type of nuclear structure: F4/mmm, a~4.200(1) AÊ ,
c~12.129(4) AÊ , the magnetic space group is FCmm'm'

Atom x y z mm,x/mB

Mn(1) 0 0 0 4.4(5)
Mn(2) 0 0 0.333(1) 3.4(2)
N 0 0 0.1588(6) Ð

Fig. 2 Phase diagram Mn/N as suggested in the literature.28 The
proposed single g-phase ®eld which splits below roughly 870 K into the
g- and h-phase (called g' and g@) is shaded. We come to slightly
different conclusions with respect to this ®eld.
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g-Mn3N2 (face-centred tetragonal, three superstructure re¯ec-
tions of the ordered N arrangement are observed,
a~4.205(1) AÊ , c~364.041(1) AÊ ). Elemental analysis (com-
bustion analysis, TC436DR, LECO, St. Joseph, USA) gave
14.2(1)% N and 0.30(2)% O. We treated the O content to be
present as MnOÐalthough this is not observed in the
diffraction patterns (see below)Ðand calculated a ``corrected''
N content of the nitride of Mn3N1.97. There are no hints of the
formation of a ternary sodium manganese nitride under these
reaction conditions. For Mn powder with this particle size
(0.3 mm) typically 0.1±0.3 wt.% Na were found in the ®nal
product (ICP-OES, Vista RL, Varian, Melbourne, AUS).
Considerably more O and Na was found if an Mn powder of
smaller particle size (v0.1 mm as used for preparation of the h-
phase material) is used as the starting material.
h-Phase material was prepared from manganese powder

(Merck, Darmstadt, 99.9%, particle size v0.1 mm) by nitriding
it at 600 ³C for 12 h with ¯owing NH3. NH3 was dried over
sodium at 8 bar before feeding it into the apparatus. From
Guinier powder patterns cell parameters of the h-phase of
a~4.219(1) AÊ and c~4.129(1) AÊ resulted. Furthermore, tiny
re¯ections of MnO were observed. Elemental analysis gave an
N content of 18.5(1) wt.% and an O content of 0.20(2) wt.%.
Correcting for the MnO content the composition of the pure
nitride is Mn6N5.40. However, we will refer to the h-phase
material as h-Mn6N5.26 as this composition results from the
re®nement of N content from neutron diffraction data taken at
ambient temperature (see below).

It is confusing that the O content in the g-Mn3N2 material
does not give rise to re¯ections of MnO as an even smaller
content does for h-Mn6N5.26. Possibly, the oxygen impurities
detected in the g-Mn3N2 material result from poorly crystalline
ternary sodium manganese oxides or from manganese hydro-
xides formed during the preparation or the work-up procedure.
In fact, annealing the g-Mn3N2 at 500 ³C for 2 d gives rise to
MnO re¯ections. We did not intend to study this in further
detail.

Neutron diffraction

The samples were placed into cylindrical vanadium containers.
The container for h-Mn6N5.26 was only loosely closed in order
to prevent destruction by the irreversible evolution of N2 from
the material that had to be considered at elevated tempera-
tures.25

Neutron diffraction experiments were performed using the
time-of-¯ight diffractometer ROTAX installed at the pulsed
spallation neutron source ISIS in the Rutherford Appleton
Laboratory, UK. Data were recorded independently on two or
three different detector banks covering different ranges of
d-spacings (for details see results of Rietveld re®nements).

Increased sample temperatures were generated by a furnace
with a vanadium shield and a continuously evacuated sample
chamber. A manometer allowed us to monitor the possible
evolution of N2 from decomposition of the sample.

Rietveld re®nement

For Rietveld re®nement the GSAS package of programs31 was
used. It allows simultaneous evaluation of the data recorded on
the different detector banks. Although re®nement was carried
out using all data we will only show the pro®le ®ts of the
forward scattering bank as they reveal all the important
features discussed in the text.

The nuclear scattering lengths used were
b(Mn)~0.373610212 cm and b(N)~0.936610212 cm.32 The
magnetic form factor of Mn2z was expressed by f(sinh/l)
~SAi exp(2Bi(sinh/l)2)zC with i~1, 2, 3.33 The coef®cients
of the Mn2z ion form factor were taken as they gave the best
results in a previous neutron diffraction study on g-Mn3N2.8

The background of the diffraction patterns was ®tted using
shifted Chebichev polynomials. The appropriate number of
terms was optimised for each detector bank. The re¯ection
pro®les were ®tted by an exponential pseudo-Voigt convolu-
tion as implemented in the GSAS package. Absorption due to
the sample and its environment was empirically re®ned with a
model for linear absorption. This was independently done for
each bank for the measurements on both nitrides at ambient
temperatures. For the high temperature experiments on the
h-phase the absorption parameter for each of the three detector
banks was determined from a simultaneous re®nement of the
data taken at 473 K and 598 K. These parameters were used for
all ®nal re®nements of the high temperature data. The presence
of MnO in our h-Mn6N5.26 sample was considered by a two
phase re®nement. Thermal parameters of Mn and O in MnO
were constrained to the values of Mn and N for the nitride.

DSC measurements

DSC experiments on g-Mn3N2 were performed on a DSC2
(Perkin-Elmer, UÈ berlingen, D), using cold-welded silver
crucibles. Measurements on h-Mn6N5.26 were done on a DSC
204 Phoenix (Netzsch, Selb, D). Owing to the nitrogen
evolution at higher temperatures Au coated pressure crucibles
made from Cr±Ni steel with an AuCu seal were used
(pmax~100 bar, Tmax~773 K).

Results

We will ®rst present the results of the neutron diffraction
experiments on g-Mn3N2 and h-Mn6N5.26 at ambient tem-
perature. Then we will report the results of DSC measurements.
Finally, we analyse the high temperature neutron diffraction
studies on h-Mn6N5.26.

Neutron diffraction of g-Mn3N2 at ambient temperature

The starting points for the re-evaluation of the nuclear and spin
structures of g-Mn3N2 are the previously reported data.8 These
are given in Table 1 and may be directly related to Fig. 1. In
advance of the evaluation of the new data some comments are
required concerning the spin structure: Keeping the con®gura-
tional symmetry, i.e. the relative orientations of collinear
magnetic moments, magnetic structural models with different
directions of the magnetic moments within the (001) plane of
the tetragonal unit cell are indistinguishable from diffraction
data from powders.34 Therefore, the solution arbitrarily chosen
by us, which is mm || [100] with a magnetic symmetry FCmm'm',
is only one of two high symmetric solutions; the other is mm ||
[110]. All directions within (001) are only allowed when the
magnetic symmetry is reduced to monoclinic.

Furthermore, if the positional parameter of Mn(2) is at its
ideal value of z(Mn(2))~1/3 and differences between the
Debye±Waller factors of Mn(1) and Mn(2) are neglected, the
structure factors of two classes of magnetic re¯ections are

Fj j2(h,k,l)!(mm(Mn(1))z2mm(Mn(2)))2~(3p)2 for l~3n

(1)

Fj j2(h,k,l)!(mm(Mn(1)){mm(Mn(2)))2~q2 for l=3n (2)

The parameters p and q can be interpreted as the mean
magnitude of the magnetic moments (magnetisation per metal
atom in the magnetically ordered state) of MnÐweighted by
the different frequencies of Mn(1) and Mn(2) within the unit
cellÐand the difference of the two different magnetic moments.
This is in fact the direct information which results from the
diffraction patterns as the phase information of the structure
factors is not available. In the case of nearly equal magnitudes
of the moments for Mn(1) and Mn(2) magnetic superstructure
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re¯ections l|3n are expected to be very weak compared to
those with l~3n. According to eqn. (2) q is either

mm(Mn(1)){mm(Mn(2))~q (3)

or

{mm(Mn(1))zmm(Mn(2))~q (4)

As a consequence, the two alternatives for the magnetic
moments of the different Mn sites are

mm(Mn(1))~pz2=3q and zmm(Mn(2))~p{1=3q (5)

or

mm(Mn(1))~p{2=3q and zmm(Mn(2))~pz1=3q (6)

These solutions areÐunder the above mentioned assump-
tionsÐindistinguishable from powder diffraction patterns.

The neutron diffraction patterns of g-Mn3N2 taken at
ambient temperatures (Fig. 3) show the same re¯ections as
were reported previously.8,25 However, the range of d-values
accessible is now larger, both to lower and higher values, e.g.
the magnetic superstructure re¯ection (001) at d~12.1 AÊ is
detected. A visual analysis of the diffraction patterns shows
that (001) is the only re¯ection with l|3n which is observed
with signi®cant intensity.

The overall details and results of the Rietveld re®nement of
the neutron diffraction data of g-Mn3N2 are summarised in
Table 2. The two possibilities for the magnetic structure
according to eqn. (5) and (6) give the same residuals. The
mean magnetic moment of Mn, p~3.6 mB, is in good agreement
with the previously reported value of 3.7 mB.8,25 However, the
value of q, the difference of the magnetic moments of Mn(1)
and Mn(2) (0.3 mB), is considerably smaller than the value of
1 mB. In fact, we analysed the old diffractograms8,25 and
realised that the l|3n magnetic re¯ections were not observed
at all with signi®cant intensity. Therefore, it has to be
concluded that the value of 1 mB was an artefact of the
Rietveld re®nement and the two moments for Mn(1) and
Mn(2) were highly correlated.

Note that the value of q resulting from this study is very
sensitive to possible systematic errors in the diffraction data
and their re®nement: q is mainly extracted from the intensity of
the (001) re¯ection recorded at a very high d-value. There are
no other re¯ections within a large region of d-spacings, as the
next re¯ection (002) has half its d-value (compare Fig. 3). This
fact makes it dif®cult to detect systematic errors, e.g.
inadequate re®nement of absorption. However, considerably

higher values of q should have caused signi®cant magnetic
superstructure re¯ection intensities for l|3n also at lower
d-values.

Neutron diffraction on h-Mn6N5.26 at ambient temperatures

The diffraction patterns of h-Mn6N5.26 taken at ambient
temperatures show the re¯ections already visible in X-ray
patterns but also some new re¯ections violating the extinction
rules for a face-centred unit cell (Fig. 4). These correspond to
the strong magnetic re¯ections with l~3n found for g-Mn3N2.
Therefore, one ®nds again an antiferromagnetic structure of
the ®rst kind, i.e. a ferromagnetic coupling between the spins
within the (001) planes and antiferromagnetic coupling along
the [001] direction.

Rietveld re®nements (Table 2) were performed on the basis
of a defect-NaCl type structure with tetragonal distortion as
well as with the above mentioned antiferromagnetic structure
of the ®rst kind. Such a model was suf®cient to attain a
convincing ®t of the diffraction data. Therefore, no evidence
remains for long-range ordering of N on the octahedral sites.

Re®nements of the occupancy of the N site ®nally resulted in
the composition Mn6N5.26. The N content is 2.5% less than the
value resulting from elemental analysis (Mn6N5.40); however,
both are considerably larger than the ``nominal'' composition
Mn6N5. The relation between N content and cell parameters
has been examined24 and mathematically evaluated. With these
data the cell parameters a and c lead to compositions Mn6N5.26

and Mn6N5.23 respectively. As c varies much more markedly
with the N content than a,24 Mn6N5.26 is to be preferred.
Therefore, in the following we refer to the composition
Mn6N5.26.

In contrast to g-Mn3N2 a re®nement of the orientation of the
magnetic moments relative to [001] was necessary for
h-Mn6N5.26. An arbitrary direction of collinear magnetic
moments within the fcc unit cell can be achieved using the
magnetic space group FC2'/m'.35 The results of the re®nements
indicate that the direction of the collinear magnetic moments is
tilted by 22³ from the tetragonal c axis (Table 2, Fig. 5). As
pointed out above for g-Mn3N2 the direction of the component
of the magnetic moments within the (001) plane cannot be
determined from neutron powder diffraction data.

Thermal analysis of the phase transitions in g-Mn3N2 and
h-Mn6N5.26

DSC investigations on g-Mn3N2 and h-Mn6N5.26 con®rmed
the phase transitions for both compositions.21,23,26

g-Mn3N2 exhibits a sharp, reversible and reproducible signal

Fig. 3 g-Mn3N2: Neutron diffraction data (forward scattering detector
bank) taken at ambient temperatures ®tted by Rietveld re®nement and
displaying the difference curve. Re¯ection markers: nuclear structure
(top line), magnetic structure (bottom). Certain re¯ections are labelled
by (hkl) with n indicating nuclear and m magnetic re¯ections. The
magnetic re¯ection (001) containing the information about the
difference of the magnetic moments of the different Mn sites is given
enlarged in the inset.

Fig. 4 h-Mn6N5.26: Neutron diffraction data (forward scattering
detector bank) taken at ambient temperatures ®tted by Rietveld
re®nement and displaying the difference curve. Re¯ection markers:
nuclear structure (top line), MnO (middle), magnetic structure
(bottom). Certain re¯ections are labelled by (hkl) with n for nuclear
and m for magnetic re¯ections.
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at Tonset~927 K and 916 K for heating and cooling, respec-
tively. The enthalpy (median value of different measurements)
is 8.2 kJ mol21 (referring to a formula unit MnN0.67).

The transition of h-Mn6N5.26 occurs at Tonset~665 K
without any noticeable hysteresis. Initial measurements in
cold welded Al pans indicated an irreversible evolution of
nitrogen at higher temperatures as the pans in¯ated. A sample
examined after the DSC measurements by taking a Guinier ®lm
pattern showed cell parameters of a~4.220 AÊ and c~4.214 AÊ

which yield16,24 compositions of Mn6N5.17 and Mn6N5.19,
respectively.

Fig. 6 shows the resulting curves on heating and cooling of
three consecutive measurements of the identical sample
h-Mn6N5.26 (Tmax~773 K) performed in pressure resistant
crucibles. The initial signal appears to consist of three broad
peaks also visible in the ®rst transition on cooling. Further
measurements result in sharper signals with a two peak
structure, shifted to somewhat lower temperatures. An
enthalpy of roughly 1.4 kJ mol21 (referring to MnN0.88) results

if a ®rst order character is assumed. If the transition is,
however, of second order character one only detects the
maximum of Cp and the transition enthalpy given above has no
well de®ned physical meaning.

From these data we currently can not give a full interpreta-
tion of the multipeak structure of the signal, nor a de®nite
statement whether the transition is of ®rst or second order.

High temperature neutron diffraction on h-Mn6N5.26

High temperature neutron diffraction experiments on
h-Mn6N5.26 were performed for 323 K¡T¡673 K including
a heating and a cooling period (see Table 3 for particular
sample temperatures). Fig. 7 shows diffraction patterns from

Table 2 Results of Rietveld re®nement on neutron diffraction data of g-Mn3N2 and h-Mn6N5.26 taken at ambient temperature. Data separated by a
``/'' refer to the two different multidetector banks used

Substance g-Mn3N2 h-Mn6N5.26

Detector angles/³ 45/122 45/122
No. of background parameters 12/8 12/12
No. of pro®le parameters 5/3 5/3
Minimal d-value considered in the Rietveld re®nements:
Nuclear structure
dmin/AÊ 0.49/0.3 0.49/0.3
Magnetic structure
dmin/AÊ 1.0/1.0 1.0/1.0
Cell parameters:
a/AÊ 4.2046(1) 4.2193(1)
c/AÊ 12.124(1) 4.1287(1)

~364.041
c/(3a)~0.9612 c/a~0.9785

Space group type for nuclear structure F4/mmm F4/mmm
Positional parameters:
Mn(1) 0 0 0 0 0 0
Mn(2) 0 0 0.3333(1)
N 0 0 0.15963(5) 0 0 1/2
Occupancy for N site 1 0.877(4)
100uMn(1)/AÊ

2 0.70(3) 0.41(2)
100uMn(2)/AÊ

2 0.34(2)
100uN/AÊ 2 0.54(1) 0.72(2)
Magnetic space group type FCmm'm' FC2'/m'
Magnetic moments/mB mm,x(Mn(1))~3.75(1) mm,x(Mn)~1.28(1)

mm,x(Mn(2))~3.47(1) mm,z(Mn)~3.06(2)
or mm~3.31(2)
mm,x(Mn(1))~3.38(1)
mm,x(Mn(2))~3.65(1)

Tilting angle of the magnetic moments relative to [001]/³ 90 22.7(2)
Cell parameter MnO, a/AÊ Ð 4.4441(7)
Phase content MnO [%] Ð 1.08(5)a

wRP 4.9/5.5 4.8/5.3
RB,nucl(F

2) 4.1/6.5 5.4/8.2
RB,magn(F2) 4.7/16 11/14
aRelated to number of Mn atoms.

Fig. 5 Unit cell of h-Mn6N5.26 indicating its nuclear and spin-structure
in an analogous way as for g-Mn3N2 (Fig. 1). The N sites are only
partially occupied: Ambient temperature (left); just below the phase
transition at about 665 K (right).

Fig. 6 DSC heating and cooling curves for h-Mn6N5.26 (5 K min21).
The cycles are numbered.
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the heating period at 598 K and 673 K. Compared to the
situation at ambient temperatures (Fig. 4) we ®nd a strong
decrease of the intensity of the magnetic superstructure
re¯ection (001) at elevated temperatures. It disappears in the
range of temperatures 548¡T¡598 K. Above 598 K this
re¯ection is absent. In correspondence to the angular
dependence of magnetic scattering the structure factor of the
re¯ection (001) contains the magnetic component within the
ab-plane of the tetragonal unit cell. The absence of this
re¯ection can be interpreted by an alignment of the magnetic

moments along [001]. This corresponds to an increase of
magnetic space group symmetry from FC2'/m' to FC4/mm'm'.

At 673 K all magnetic re¯ections have disappeared as well as
the splitting of the re¯ections, e.g. (200) and (002) (Fig. 7). This
means that the material has become face-centred cubic without
any magnetic superstructure. During the data collection at this
temperature we registered a slight increase of pressure in the
evacuated sample chamber of the furnace. This indicatesÐas
already found in the DSC measurementsÐa decomposition of
the sample under evolution of N2. The decomposition
apparently stops when the temperature is reduced.

During the cooling period the temperature range for
FC4/mm'm' symmetry is 503 K¡T¡623 K. It is extended to
lower temperatures compared to the experiments while heating.
At even lower temperatures the re¯ection (001) reappears.
During the high temperature measurements the re¯ections of
MnO were always visible and its amount did not change
signi®cantly.

In all re®nements of the high temperature data the
occupancies of N on the octahedral sites were kept constant
at the value Mn6N5.26 as determined for the ambient
temperature data. After the apparent loss of nitrogen at high
temperatures there is no evidence that this affects the
parameters of the nuclear structure signi®cantly, e.g. the
occupancy of N. Table 3 summarises the results of the Rietveld
re®nements.

In Fig. 8 the magnitude of the magnetic moments as well as
their angle relative to [001] are plotted as a function of
temperature for the heating and the cooling period.

Discussion

Both g-Mn3N2 and h-Mn6N5.26 are interstitial compounds
based on an fcc type arrangement of Mn atoms. Neutron
diffraction data at ambient temperatures reveal a collinear
antiferromagnetic superstructure of the ®rst kind accompanied
by a tetragonal distortion of the cell dimensions for both
compounds. In g-Mn3N2 the arrangement of N on the
octahedral sites is ordered which causes two crystallographi-
cally distinct Mn sites. These carry slightly different magnetic
moments (Dm~0.3 mB). This has no marked in¯uence on the
overall antiferromagnetic superstructure.

The magnetic structures of g-Mn3N2 and h-Mn6N5.26 as

Table 3 Results of Rietveld re®nements of neutron diffraction experiments on h-Mn6N5.26 at elevated temperatures. The symmetry of the nuclear
structure is Fm3Åm at 673 K (Mn: 0 0 0, N: 1/2 0 0, occupancy 0.877 as resulting for ambient temperatures) and F4/mmm (Mn: 0 0 0, N: 1/2 0 0,
occupancy 0.877) at the other temperatures. Measuring temperatures are given in the temporal succession. Three detector banks were at 45³/90³/136³
with minimal d-values of data considered for re®nements 0.51 AÊ /0.50 AÊ /0.50 AÊ . Pro®le parameters were 5/2/2, background parameters 24/10/16

T/K a, c/AÊ 100u/AÊ 2 Mn, N Space group type of magnetic structure mm,x, mm,z/mB mm/mB a(mm,c)/³

323 4.2187(1) 0.57(2) FC2'/m' 1.24(2) 3.130(8) 23.4(4)
4.1288(1) 0.82(1) 2.872(9)

473 4.2282(1) 0.80(2) FC2'/m' 0.75(3) 2.81(1) 15.5(6)
4.1419(1) 1.10(1) 2.71(1)

548 4.2317(1) 0.97(3) FC2'/m' 0.49(5) 2.45(1) 11(1)
4.1530(1) 1.21(2) 2.49(1)

598 4.2324(1) 1.09(3) FC4/mm'm' 0(Ð) 2.27(1) 0(Ð)
4.1643(1) 1.30(2) 2.27(1)

673 4.2153(1) 1.28(3) Fm3m1' 0(Ð) 0(Ð) 0(Ð)
1.54(2) 0(Ð)

648 4.2285(1) 1.16(3) FC4/mm'm' 0(Ð) 1.68(1) 0(Ð)
4.1819(1) 1.45(2) 1.68(1)

623 4.2311(1) 1.06(4) FC4/mm'm' 0(Ð) 2.04(1) 0(Ð)
4.1705(1) 1.40(2) 2.04(1)

573 4.2319(1) 0.95(3) FC4/mm'm' 0(Ð) 2.430(9) 0(Ð)
4.1570(1) 1.28(2) 2.430(9)

503 4.2303(1) 0.88(2) FC4/mm'm' 0(Ð) 2.734(9) 0(Ð)
4.1446(1) 1.13(1) 2.734(9)

423 4.2257(1) 0.74(2) FC2'/m' 0.61(4) 2.94(1) 11.9(8)
4.1361(1) 0.99(1) 2.87(1)

323 4.2194(1) 0.57(2) FC2'/m' 1.00(3) 3.124(9) 18.7(5)
4.1281(1) 0.83(1) 2.96(1)

Fig. 7 h-Mn6N5.26: High temperature neutron diffraction patterns
(forward scattering bank) taken at 598 K (top), 673 K (bottom) as
®tted by Rietveld re®nement and displaying the difference curve.
Re¯ection markers: nuclear structure (top line), magnetic structure
(middle; not included for 673 K), MnO (bottom). Certain re¯ections
are labelled by (hkl) with n for nuclear and m for magnetic re¯ections.
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observed at ambient temperatures differ mainly by the
orientations of the magnetic moments relative to the tetragonal
unit cells. Whereas the strong exchange interactions are similar
in these phases as both have an antiferromagnetic structure of
the ®rst kind, weaker anisotropy interactions most likely
determine the particular orientations of the ordered magnetic
moments relative to the crystal lattice.22

h-Mn6N5.26 shows two phase transitions when heated to
elevated temperatures. The ®rst occurs, according to our
neutron diffraction experiments, between 548 K and 598 K for
the heating and between 503 K and 423 K for the cooling
period (see preceding section). This transition involves only an
alignment of the overall magnetic moments along the direction
[001]. In the corresponding ranges of temperatures the overall
ordered magnetic moments mm and the lattice parameters vary
continuously and show no large differences for the heating and
cooling period. The discrepancies in the transition tempera-
tures for the alignment of the ordered magnetic moments along
[001] may be attributed to the slight loss of N2 which was
however not detected by chemical analysis and changes of cell
parameters at ambient temperatures after the measurement.36

However, weak anisotropy interactions may be in¯uenced by a
small loss of N2 without marked effects on the stronger
exchange interactions. These determine the antiferromagnetic
structure of 1st kind and the magnitude of the ordered moments
which remain virtually unchanged.

The second phase transition in h-Mn6N5.26 is detected by
DSC measurements and by neutron diffraction. It occurs at
about 660 K and involves an apparently continuous decay of
the magnetic moments resulting in a paramagnetic and cubic
high temperature phase. Therefore, this transition corresponds
to the NeÂel point. There are no hints that order±disorder
phenomena of N on octahedral sites are related to the changes
of the lattice. Obviously, the changes of magnetic structure are
responsible for the structural distortions. The effects observed
for h-Mn6N5.26 are similar to the behaviour of the interstitial
compound CrN.12 Its high temperature phase has an NaCl type
structure. In the low temperature phase an orthorhombic
distortion of the unit cell dimensions is found. As the
octahedral sites are fully occupied no order±disorder transition
concerning N is possible.

The phase transition of g-Mn3N2 detected at about 913±
923 K by DSC measurements may be interpretedÐas well as
the second transition of h-Mn6N5.26Ðas an antiferromagnetic±
paramagnetic phase transition. However, the thermal effect for
g-Mn3N2 is much stronger than that for h-Mn6N5.26, yielding
thermodynamic factors37 of 3 for g-Mn3N2 compared with 1.1

for h-Mn6N5.26. For g-Mn3N2 this may indicate a contribution
of a disordering of N at the transition temperature. This would
result in a disordered and paramagnetic high temperature
phase of g-Mn3N2 which is of the same symmetry as the high
temperature phase of h-Mn6N5.26. This view is supported by
quenching experiments,28 which have been interpreted in terms
of a continuous solid solution of g-Mn3N2 and h-Mn6N5.26 at
high temperatures. However, the presence of a simple critical
point terminating the two phase area g/h to high tempera-
tures28 has to be rejected as both corresponding crystal
structures are not isotypic. The results obtained here allow
the development of a re®ned picture: Both the g- and the
h-phase probably have a common high temperature phase,
which is paramagnetic and cubic with a disordered distribution
of the N atoms on the octahedral sites. There is a general
tendency to form an antiferromagnetic superstructure of the
®rst kind for a wide range of compositions. g-Mn3N2 may,
therefore, be regarded as a special case of a h-phase with
ordered arrangement of N.

The magnetic and structural behaviour observed for the
manganese nitrides show strong similarities to certain Mn
alloys with other elements (Cu, Ni, Fe, Ge, Pd, Au).38 These
elements may stabilise the c-Mn modi®cation of the fcc
structure. At low temperatures these alloys form antiferro-
magnetic structures of the ®rst kind accompanied by a
tetragonal distortion of the crystal lattice. Magnetic order
and tetragonal distortion disappear at the same or slightly
different temperatures in a ®rst or second order manner. If both
phase transitions occur continuously at the same temperature
one may speak of a pseudo-martensitic phase transition in
order to stress the difference from an ``ordinary'' martensitic
phase transition, which is essentially of ®rst order character.38
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