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Determination of the magnetic structure of manganese carbodiimide with diffraction experiments
using polarized neutrons
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The magnetic structure of MnNCN, the nitrogen equivalent of MnO, and the first carbodiimide of a non-d'®
transition metal ever made, has been determined on the basis of spin-polarized neutron-diffraction data close to
absolute zero temperature. The S=5/2 moments of the high-spin Mn?* ions lie within the ab hexagonal sheets
and exhibit an antiferromagnetic ordering between the sheets along the ¢ axis. Below the Néel point (28 K), a
temperature-dependent ordering pattern exists due to magnetic frustration inside the sheets, characterized by a
varying angle between the moments. A comparison with other magnetic structures reveals that the compact
NCN?= group is capable of mediating significant spin density needed to ensure relatively strong magnetic
communication in view of a large Mn**—~Mn>* separation.
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I. INTRODUCTION

Developing synthetic routes for novel magnetic com-
pounds is an everlasting challenge in inorganic solid-state
chemistry. In order to succeed, coupling of magnetically ac-
tive centers such as d- and f-configured ions with traditional
bridging ligands, i.e., oxide, chalcogenide, or cyanide anions,
has been pursued for many decades. As an alternative, the
use of the corresponding base of H,NCN, the NCN?~ anion
which is either named carbodiimide (D.,, symmetry, as in
"N=C=N" with two double bonds) or cyanamide (poten-
tially bent, as in N=C—N?" with one triple and one single
bond), has recently come to a broader attention. Because of
its two minus charge and the fact that NCN?" is electroni-
cally dominated by the terminal nitrogen atoms, NCN?~ may
be regarded a “divalent nitride” anion, thereby allowing us to
repeat the entire oxide (O?”) chemistry using a nitrogen spe-
cies.

A good number of inorganic carbodiimides/cyanamides
has been synthesized containing alkali'™ and alkaline-earth
metals,’”  main-group elements,'®'* @'  transition
metals,!>2! and also rare-earth metals.22%5 In 2005, the ex-
istence of quasibinary compounds containing non-d'® mag-
netically active metals was first predicted using density-
functional theory, indicating that all MNCN (M=Mn, Fe,
Co, Ni, and Cu) phases should be unstable with respect to
both formation enthalpy AH; and Gibbs formation energy
AG;.?% In the meantime, all five synthetic targets have been
synthesized, for example, through a metathesis route for
MnNCN,?” by the thermal decomposition of hydrogen-
containing precursors for MNCN (M =Fe, Co, and Ni) (Refs.
28 and 29) and by the room-temperature oxidation of a Cu(I)
precursor for CUNCN.3°

Despite its rhombohedral symmetry, the crystal structure
of MnNCN (Fig. 1, most conveniently described using a hex-
agonal setting) resembles the rock-salt motif because of oc-
tahedral coordination for both Mn?** and NCN?~. Magnetic-
susceptibility measurements on this first carbodiimide of a
magnetic transition metal ever made yielded antiferromag-
netic interactions, a Néel point of about 28 K and a Curie—
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Weiss behavior above that temperature; the magnetic mo-
ment was determined as u=5.84 up from the slope of the
Curie—Weiss straight line,”” in accord with a high-spin Mn**
ion (five unpaired electrons, S=5/2) and an expected mo-
ment of u=g\VS(S+1)up=5.92 ug.>' In order to eventually

FIG. 1. (Color online) The hexagonal setting of the rhombohe-
dral crystal structure of manganese carbodiimide, MnNCN, with the
Mn atoms given in red, N atoms in green, and C atoms in gray. The
strictly linear NCN?~ carbodiimide groups coincide with the ¢ axis
and coordinate the Mn atoms through their terminal N atoms to
yield nearly regular octahedra with 6XMn-N=2.26 A and
£ (N,Mn,N)=84.1° and 95.9°.
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disclose the magnetic structure of the nitrogen equivalent of
manganese oxide, neutron powder-diffraction measurements
have been carried out, both with and without spin-polarized
neutrons.

II. EXPERIMENT

Samples of green-colored transparent powderous manga-
nese carbodiimide were prepared via a metathesis reaction
between MnCl, and ZnNCN to yield MnNCN and ZnCl, in
quartz ampoules at 650 °C.?” Single-crystal data confirmed
MnNCN to exhibit rhombohedral symmetry (space group

R3m) with the hexagonal lattice parameters a
=3.3583(4) A and ¢=14.247(2) A at room temperature; the
atoms are located on the Wyckoff sites 3a (Mn), 3b (C), and
6b (N) with z=0.5855(3). The first neutron powder-
diffraction data of MnNCN were collected at Forschungszen-
trum Jiilich by means of the SV7 diffractometer with A
=1.0952(4) A in the 26 range 4° =26=90° at temperatures
of T=4.5 and 10 K, between 7=15 and 35 K in steps of 2 K,
and finally at room temperature. In addition, neutron mea-
surements with spin-polarization analysis were carried out at
FRM I, Garching, with the help of the most advanced dif-
fuse neutron-scattering (DNS) instrument and \=4.74 A in
the 26 range 5° =260=105° at temperatures of 7=4.5 and
20 K. Although DNS typically serves as a “cold” time-of-
flight spectrometer, its use in diffraction mode (with a con-
stant wavelength) but with polarization analysis served the
problem of magnetic structure determination quite well. All
numerical Rietveld refinements were carried out using the
FULLPROF program suite.>”

III. RESULTS

The nonpolarized neutron data collected at the SV7 in-
strument already corroborated the existence of an antiferro-
magnetic ordering below 28 K (Fig. 2, top) with a compli-
cated temperature-dependent behavior that came quite
unexpected. In Fig. 3, this phenomenon is more carefully
analyzed for the case of the first two SV7 magnetic reflec-
tions. Figure 3 also allows a visual comparison with the pre-
viously published magnetic-susceptibility data.?’ In particu-
lar, cooling below 30 K causes a strong rise in intensity for
the first reflection (top) while the second one (middle) is
hardly affected. Below 20 K, however, the second peak in-
creases considerably whereas the first one slightly weakens.
Indeed, the magnetic-susceptibility mirrors that temperature
dependence, highlighted by straight lines (Fig. 3, bottom)
which are simple guides to the eye. Obviously, a ser of dif-
ferent magnetic orderings exists. Nonetheless, because of in-
sufficient statistics at the SV7 instrument, a definite structure
model for the spin structure could not be developed in the
very beginning. Thus, additional polarized neutron data had
to be collected using the DNS instrument, and these yielded
six well-shaped magnetic reflections (see Fig. 2, bottom) be-
low the Néel point, two of which overlap substantially.

These six reflections could be indexed by doubling the
unit cell in all directions. The first reflection was indexed as
(003), hence the orientation of the spin moments can be ex-
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FIG. 2. (Color online) Neutron diffraction of MnNCN measured
at the Jiilich SV7 instrument (top, A=1.0952 A) at four tempera-
tures and the pure magnetic scattering as measured by polarization
analysis at the Garching DNS instrument (bottom, A=4.74 A) for
T=4.5 and 20 K.

cluded to point along the ¢ axis; consequently, the rhombo-
hedral symmetry is entirely destroyed. Instead, the magnetic
indexing refers to a triclinic symmetry and all calculations
concerning the magnetic structure were performed in space

group P1.32 To do so, only the magnetic DNS reflections
were refined using the lattice parameters, the Gaussian peak
profile, and the angle between the spin moments (S=5/2) as
refinable parameters. The best accordance between the ob-
served and calculated intensities is depicted in Fig. 4 and
Table I contains all relevant Rietveld parameters. Table II
offers the Bragg positions and indices of the magnetic reflec-
tions.

In addition to the aforementioned structural characteriza-
tion, we independently determined the value of the Mn2*
magnetic moment by a simultaneous refinement of the mag-
netic and the crystallographic reflections on the basis of the
SV7 data because such a procedure requires the intensities of
the nuclear reflections for scaling purposes. Table III pro-
vides all relevant information and the graphical result is de-
picted in Fig. 5. The magnetic moment based on neutron data
arrives at 4.72(15) up, to be compared with the expectation
value of the free Mn?* ion which is w,=gSug=5up (g
=2,5=5/2) for the neutron case; both values are identical
within two sigma.
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FIG. 3. Intensity changes of two SV7-measured magnetic reflec-
tions at 26=6.6° (top) and at 26=11.2° (middle) as a function of
temperature; the course of the molar magnetic susceptibility (bot-
tom) is given for comparison, together with trend lines as simple
guides to the eye.

IV. DISCUSSION

The magnetic structure(s) of MnNCN (Fig. 6) can be de-
scribed by an antiferromagnetic ordering of the magnetic
moments within the ab sheets of the manganese ions stacked
along the ¢ axis; despite the triclinic symmetry of the mag-
netic structure, we still refer to the hexagonal metric of the
rhombohedral unit cell for reasons of simplicity. Inside these
ab sheets, the spins are orientated perpendicular to the ¢ axis
and enclose an angle whose size depends on the temperature,
thereby leading to the observed differences in intensities. Be-
cause all distances between the manganese ions in the sheets
are equal, magnetic spin frustration seemingly occurs. With
respect to a (hypothetical) ferromagnetic ordering within one
sheet (i. e., ¢=0), the spins are tilted against each other with
an angle of 46° at 20 K and 100.8° at 4.5 K. At T=20 K, the
(003) reflection gains its maximum intensity, thereby also
indicating maximum attainable precision for the magnetic
structure; at the lowest measured temperature of 7=4.5 K,
the angle ¢ widens. For a better understanding, Fig. 6 depicts
the entire magnetic unit cells at 7=4.5 and 20 K. We also
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FIG. 4. Magnetic neutron reflections measured at the DNS in-
strument and their refined intensities as calculated with the Rietveld
parameters given in Table II for T=4.5 (top) and 20 K (bottom).

The positions of the Bragg peaks are marked by vertical dashes and
the difference curve is given below.

note that the spin structure at 7=4.5 K (Fig. 6, top left)
alludes to the possibility of a structural distortion but this is
clearly beyond the resolution limit of our data.

To further understand the magnetic structure of MnNCN,
a comparison with those seen in MnO and also the isostruc-
tural a-MnS is appropriate.>*3* Note that the magnetic struc-
ture of MnO serves as the archetype, simply because (a)
MnO is the oxide equivalent of MnNCN and (b) the MnO
structure was the very first magnetic structure ever investi-
gated and solved by neutron scattering. In 1951, Shull per-
formed neutron-diffraction studies on MnO and suggested a

TABLE 1. Structure and profile parameters for the refined
neutron-diffraction data of MnNCN collected at the DNS instru-
ment at temperatures of 7=4.5 and 20 K. ¢ refers to the angle
between two neighboring spin moments; for illustration, see also
Fig. 6. Due to the limited number of reflections, U, V, and W could
not be refined simultaneously such that standard deviations cannot
be specified for those values.

T=4.5 K T=20 K
. o a=6.68(1) a=6.67(5)
Lattice parameters: (A)
c=28.68(7) c=28.66(7)
¢ (deg) 100.8(4) 46(2)
u,v,w 2.24, -2.15,2.72  2.75, -0.34, 2.48
Ry, Rrage 0.106, 0.035 0.084, 0.019

024117-3



KROTT et al.

TABLE II. Bragg positions and indices of the magnetic reflec-
tions measured at DNS.

T=45 K T=20 K

Bragg position Bragg position Index

in 26 (deg) Intensity in 26 (deg) Intensity  (hkl)
28.711 1567 28.725 2247 003
49.408 571 49.514 125 111
71.167 331 71.271 61 115
90.288 215 90.406 38 117
96.113 123 96.176 205 009
97.468 101 97.716 23 113

structure model with a cell whose edge is twice the length of
the crystallographic cell and which exhibits ferromagnetic
sheets parallel to the (111) plane. Neighboring planes are
coupled in an antiferromagnetic fashion and the magnetic
moments were suggested to run parallel to the [001] axis.?*
Seven years later, the model was revised by Roth, with a
corrected ferromagnetic spin orientation lying within the
(111) plane and this model is covered in many solid-state
physics textbooks. The in-plane orientation of the magnetic
moments with respect to the crystallographic axes, however,
was indeterminable from powder data®> due to overlapping
reflections because of the cubic symmetry. In 1988, a low-
temperature high-resolution neutron study indicated that the
true symmetry of MnO at 8 K must be lower than
rhombohedral.*® Total neutron-scattering data eventually
yielded, in 2006, that the ferromagnetically aligned spins
within the (111) sheets show a slight preference for spin

alignment along the (112) directions.’

Contrasting this magnetic structure with our aforemen-
tioned model for MnNCN, one finds similarities as well as
dissimilarities. For both MnO and MnNCN, the magnetic
structure can be described by ferromagnetic (MnO) and al-
most ferromagnetic (MnNCN) layers of Mn?* ions which are
stacked antiferromagnetically along the crystallographically
threefold axis, namely, [111] for MnO and [001] for
MnNCN. Nonetheless, the MnNCN structure contains one
additional degree of freedom for the orientations of the
spins. The ferromagnetic orientation within one sheet of
Mn?* ions corresponds to a constant ¢=0° scenario (MnO
case) between the magnetic moments. For MnNCN, how-

TABLE III. Structure and profile parameters for the refined
neutron-diffraction data of MnNCN collected at the SV7 instrument
at T=4.5 K.

Crystallographic Magnetic
Number of reflections: 55 147
. o a=3.329(3) a=6.66(1)
Lattice parameters: (A)
c=14.247(15) ¢=28.49(3)
Magnetic moment: 4.72(15) ug
Ry, Rprage 0.070, 0.108 0.070, 0.246
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FIG. 5. Neutron-diffraction pattern of MNCN measured at the
SV7 instrument at 7=4.5 K and its Rietveld refinement based on
the parameters as given in Table III. The positions of the Bragg
peaks are marked by vertical dashes both for the crystallographic
(upper row) and the magnetic structure (lower row), and the differ-
ence curve is given below.

ever, this very angle is a complicated function of the tem-
perature and the different behavior of MnO and MnNCN
must be a consequence of unlike in-sheet Mn—Mn distances
(MnO: 3.13 A; MnNCN: 3.36 A). We also suspect that the
spin orientation found for MnNCN resembles the one which
has been observed for another (but less well-known) com-
pound, MnCO;.%8

Comparing Ty of all phases, one finds 118(2) K for
MnO,%¢ 152.0(8) K for a-MnS,* and 31.5 K for MnCO;
(Ref. 39) such that the Néel temperature of MnNCN (28 K)
(Ref. 27) is in the same region as MnCOj5. At first sight, this
looks remarkable because the distance between the layers of
Mn?* ions in MnNCN (about 4.7 A) is almost rwice the
distance as in MnCO; (about 2.6 A). Clearly, the exchange
interactions between the layers are similar although both an-
ions differ remarkably in their shapes.
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FIG. 6. (Color online) Arrangement of the spin moments in the
ab plane of MnNCN at T=4.5 K (top left) and at T=20 K (top
right), together with the entire magnetic unit cell for 7=4.5 K (bot-
tom left) and 7=20 K (bottom right). The angles between the
neighboring magnetic moments have been indicated.
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V. CONCLUSION

At lowest temperatures, MnNCN, the nitrogen equivalent
of MnO, exhibits significantly different and temperature-
dependent magnetic structures due to magnetic frustration in
the ab sheets of the rhombohedral structure. Thus, the phe-
nomenon nicely fits into the picture of those magnetic lat-
tices which are geometrically or topologically prone to frus-
tration because of being based on layered triangular motifs.*"
Similar to the case of MnO, the spin layers are antiferromag-
netically stacked on top of each other along the crystallo-
graphically threefold axis. The numerical data reveal that the

PHYSICAL REVIEW B 80, 024117 (2009)

carbodiimide group is capable to ensure strong magnetic
coupling despite relatively wide Mn?*~Mn?* distances be-
tween the sheets.
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