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Extended pseudochalcogenides such as the solid-state carbo-
diimides (incorporating complex "N=C=N" units with D,
symmetry) or cyanamides (with a less symmetrical N=C—-N>~
unit) have been extensively investigated, and a large number
including alkali’! and alkaline-earth metals,” main-group
elements,” d' transition metals,” and also rare-earth
metals®! have been reported. The synthesis of the complete
set of MNCN (M = Mn-Cu) phases with only partially filled
3d orbitals, however, looked far more difficult, because first-
principles calculations® had predicted them to be unstable in
terms of formation enthalpy AH; and Gibbs formation energy
AG;, with the instability continuously rising from MnNCN to
CuNCN, thereby mirroring the gradual filling of antibonding
levels from 3d° to 3d’.

Nonetheless, we have succeeded in finding new routes to
synthesize the MNCN series of the divalent 3d metals as a
prerequisite to determine their crystal structures. MnNCN,
the first carbodiimide of a magnetic transition metal ever
realized, is made by a metathesis around 600°C involving
ZnNCN and MnCL but this method is unsuitable for the
later, more unstable compounds. FeNCN,®/ CoNCN, and
NiNCN™ are synthesized, instead, by a two-step route via the
corresponding hydrogencyanamides M(HNCN), at about
400°C."! Finally, the most delicate carbodiimide, CuNCN, is
obtained by the oxidation of a copper(I) cyanamide precursor
under aqueous conditions at room temperature.[“]

The magnetic properties of the carbodiimides involving
divalent transition metals are similar to those of the isolobal
oxides, in particular by indicating antiferromagnetic interac-
tions. For example, the magnetic structure of MnNCN based
on spin-polarized neutron diffraction reveals frustration
between the high-spin (S=5/2) Mn*' ions as a function of
temperature!'” but also shows that the carbodiimide unit
ensures a strong magnetic communication. Likewise, exper-
imental as well as theoretical studies on the magnetic
structure of CuNCN have shown a fascinating interplay
between geometrical packing and exchange couplings.
Finally, UV/Vis measurements on MnNCN! stress the
importance of the more covalent Mn—N bond and higher
ligand-field splitting compared to Mn—O chromophores but a
smaller nephelauxetic ratio. Also, the Mn—N bond lacks
significant & interaction.
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In light of this information, the design of a carbodiimide
that is not antiferromagnetic requires an alternative compo-
sition, for example, by moving towards a different oxidation
state. The hypothetical chromium(III) carbodiimide, Cr,-
(NCN),, is such a synthetic target although its isolobal oxide
Cr,0; is, in fact, antiferromagnetic. Because the electron
configuration (3d*) is even lower than in the MnNCN case,
theory!® implies that the synthetic route for MnNCN should
also be applicable for Cr,(NCN);. In addition, there is related
information with respect to existing rare-earth metal(III)
carbodiimides. Recent research on such Ln,(NCN); phases by
others®l provided similar layer structures to those of the
MNCN phases but with different coordination modes. The
changes in coordination mode must result in different
magnetic exchange couplings, and that is what we were
looking for.

We have now synthesized green Cr,(NCN);, the first
transition-metal(III) carbodiimide with a 3d* configuration,
by a metathesis between CrCl; and freshly made ZnNCN. The
compound appears to be highly inert. Not too surprisingly, the
structural determination yields that Cr,(NCN); is isostruc-
tural with Yb,(NCN),.” It is astounding, however, that
Cr,(NCN); indeed shows ferromagnetic properties, in con-
trast to all other transition-metal carbodiimides. We also
reiterate the fact that Cr,(NCN); is very similar to the related
oxide Cr,O; crystallographically but not in terms of magnet-
ism.

As alluded to already, high-resolution X-ray powder
diffraction (XRPD) demonstrates that Cr,(NCN), can be
synthesized in phase-pure form and that it crystallizes in the
rhombohedral space group R3c. As a result of the very good
crystallinity, the structure refinement could be based on the
well-resolved data shown in Figure 1.

The crystal structure of chromium(III) carbodiimide as
well as the coordination environments of both the Cr’*" and
NCN*~ ions are displayed in Figure 2. The packing corre-
sponds to a formally layered structure with each layer
consisting of alternating Cr’™ and NCN?~ ions along the
caxis (Figure 2; left), similar to the transition-metal(II)
carbodiimides.

Nonetheless, the packing of the metal layers is not dense
because each metal atom is surrounded by only three, not six
neighboring metal atoms. The chromium coordination
(Figure 2; right) corresponds to a slightly distorted N
octahedron with practically identical bond lengths (Cr—N
2.081(5) and 2.101(4) A, three of each), and these agree well
with the sum of the effective ionic radii (2.08 A)."” The 2:3
stoichiometric ratio ensures that each N atom bonds only to
two Cr, analogous to the corundum-type structure of Cr,0;.1°!
The NCN?~ ion, which is practically linear (N-C-N 178.0(7)°),
experiences a distorted tetrahedral coordination by the Cr
ions, and it almost coincides with the ¢ axis. Thus, this unit
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Figure 1. Observed, calculated, and difference intensities of the X-ray

Rietveld refinement of Cr,(NCN); using Cu-Ka, radiation. The vertical

positions of the Bragg reflections are given in green.

Figure 2. Crystal structure of Cr,(NCN); (left) and the coordination
environments of the Cr** ion and the NCN?~ ion (right).

adopts the symmetrical carbodiimide shape with C-N
1.208(4) A, and this can also be verified by the IR spectrum
of Cr,(NCN);, which shows asymmetric stretching vibrations
of the NCN?™ unit at v,,=2005 and 2094 cm™! together with
the deformation vibrations o at 635 and 696 cm ™.

The magnetic susceptibility data of Cr,(NCN); were
determined at applied fields B, between 0.01 and 0.5 T in
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the temperature range between 2 and 400 K. Figure 3 displays
a plot of the (inverse) molar susceptibility as a function of T’
and the magnetic hysteretic loop at fieldsupto 5 Tat T=10K
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Figure 3. Inverse molar magnetic susceptibility versus temperature
plot for Cr,(NCN)j; in Sl units at applied fields of B,=0.01, 0.1, and
0.5T (experimental data dotted, fitted data as a solid line; see text for
parameter values). Insert: magnetic hysteretic loop with fields up to

5 T at a temperature of 10 K.

(Figure 3; insert). Chromium(III) carbodiimide displays a
hysteretic magnetization with a coercivity H, of about 0.01 T
(100 Oe) and a saturation magnetization of close to 3.5,
which equals a specific magnetization of 0 =86 Am?kg~". The
small coercivity is typical for a magnetically soft material.

The y,, ' versus T plot manifests a linear range between
200400 K with a positive paramagnetic Curie temperature 6.
Consequently, a linear fit to the Curie-Weiss law beyond
200 K leads to C=2.071 x 107> m* K mol ' and a 6 value equal
to 178 K (Figure 3).

We note that the experimentally derived paramagnetic
moment, on the basis of this C value, equals 3.6 g which is
very close to an ideal octahedral 3d® high-spin system (Cr’",
ligand-field ground state *A,, three unpaired electrons, S =3/
2, uo=g[S(S+1)]>=3.87p; with g~2)"! For a deeper
analysis, the magnetic properties were further modeled by
using the Hamiltonian [Eq. (1)]

iI:Hee +Hlf+Hso +I_Iex+11|r|z\g (1)

which includes the effects of the interelectronic repulsion
(H..), ligand-field (Hy), spin-orbit coupling (H,,), exchange
interactions (H.,,), and the applied field (H,,,,). The exchange
interactions between the magnetic Cr'" ions are described by
the molecular-field approximation [Eq. (2)]

Tt = ' (B.C.EB) — s @

where A, is the molecular-field parameter and y, the
susceptibility per isolated Cr’" ion. The molecular-field
parameter causes a parallel shift of the y_' versus T plot in
the case of pure-spin ions [Eq. (3)].

1 C
a4 I _ 3
Xm C /,me = Xm = T 7] with 6 = A'mf‘ ( )
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The molecular field is the source of the difference
between an ion’s local effective magnetic field and the
applied magnetic field. A positive (or negative) A, indicates
predominantly ferromagnetic (or antiferromagnetic) interac-
tions, respectively. The ligand-field effect, spin-orbit coupling,
interelectronic repulsion, as well as exchange coupling were
taken into account using a spin-orbit coupling constant { =
273 cm™! and Racah parameters of B=1030cm™' and C=
3680 cm™! as derived from optical spectra.’® Then, the
analysis with the help of CONDON!! employed a ligand-
field parameter Bj whose starting value was based on the
GGA + U calculations (see below). The best fit arrived at
Bj=—16050 cm™, A,,r=8.589x 10’ molm™, and SQ=1.3%,
where B! refers to the Wybourne notations®™ of the ligand-
field parameters and SQ = Z[(Xops—¥ca) (Xons)]* quantifies the
fit quality. The size of 1, corresponding to =178 K for a
ligand-field ground term ‘A, suggests very strong exchange
interactions, and the positive signs of both 6 and 1,,; indicate
dominantly ferromagnetic interactions. Indeed, a magneto-
chemical CONDON analysis provides a satisfactory fit only if
ferromagnetic interactions are considered.

Alternating-current (AC) magnetization data of Cr,-
(NCN); were collected with an oscillating field of 3 Oe at
three different frequencies (10, 100, 500 Hz). Figure 4 (top)
displays the in-phase magnetization (m) versus T'and also the
out-of-phase magnetization (m”, Figure 4, bottom). The
presence of a frequency-dependent out-of-phase signal in
the AC susceptibility for 7=130-210 K is indicative of a
magnetization relaxation relative to the frequency of the
oscillating field, thereby corroborating the ferromagnetic
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Figure 4. In-phase AC magnetization m’ versus temperature plot of
Cr,(NCN); (top) and out-of-phase AC magnetization m” versus tem-
perature (bottom). The data were collected in a 3 Oe oscillating
magnetic field for the frequencies 10, 100, and 500 Hz.
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ordering. We conclude that the experimental data can be
modeled by a set of ligand-field parameters which are in line
with GGA + U calculations (see below), and 4, as well as the
frequency-dependent out-of-phase AC signal support ferro-
magnetism below 180 K. In comparison to typical ferromag-
netic oxides, such as CrO, and, in particular, ferrimagnetic y-
Fe,0; (0=80 Am’kg™"), Cr,(NCN); has a slightly larger
specific magnetization but at lower temperatures; in addition,
its coercivity is much lower.?"

To achieve quantum-chemical insight into the magnetic
properties and exchange couplings, we also performed first-
principles electronic-structure calculations of density-func-
tional type based on the generalized-gradient approximation
(GGA)® and the projector-augmented wave method.”! In
addition, explicit electron—electron Coulomb interactions
plus the self-interaction correction were considered in the
rotationally invariant way (GGA + U)?* with one effective
Hubbard parameter U= U—J, in which U, is equal to 4 eV
as has been successfully applied in the case of Cr,0,.>

Besides the simple ferromagnetic (FM) structure with all
the magnetic moments of chromium pointing in the same
direction, three additional antiferromagnetic structures were
chosen in which the four neighboring Cr*" ions A, B, C, D
along the [111] axis (Figure 5) adopt different orientations
with respect to their local moments.

Figure 5. The primitive trigonal unit cell of the Cr,(NCN); crystal
structure containing four Cr*" ions (red) and six NCN?~ ions (green
and black). The labels A, B, C, and D refer to different magnetic
orientations of the local chromium moment.

If the symbols + and — stand, respectively, for a spin-up
and spin-down orientation of a Cr moment, then the sequence
+ + + + represents the ferromagnetic case, + — + —is the
AFMI1 model (adopted by Cr,0;),*® + + — — is the AFM2
model (adopted by a-Fe,0;),?” while + — — + is the AFM3
model (no representative to date). In the GGA context, the
total energy of the FM state is the same as that of the AFM1
state, and both are lower than AFM2 and AFM3 by 26 meV
and 124 meV per formula unit, respectively. Within GGA + U
theory, however, the FM state is clearly the most stable one,
lower than AFM1, AFM2, and AFM3, by about 29 meV,
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50 meV, and 82 meV, respectively. Thus, GGA + U theory
also mirrors the experimental finding of Cr,(NCN); being
ferromagnetic, in contrast to the isostructural but antiferro-
magnetic phases Cr,0O; and a-Fe,O;. The calculated spin
saturation moments for the Cr** ion are 2.88 u and 3.08 u;, for
GGA and GGA+ U theory, respectively, in very good
agreement (GGA + U) with the §=3/2 scenario and the
experimental paramagnetic moment of 3.6 .

The local densities-of-states (DOS) within the FM state as
derived from GGA and GGA+ U theory are shown in
Figure 6. In the GGA description, the Cr—N orbital mixing is

-50 -25 25 50 -50 -25 0 25 50

0
DOS DOS
Figure 6. The local densities-of-states (DOS) of the Cr 3d (red) and N
2p (green) orbitals of Cr,(NCN); in the ferromagnetic state as modeled
from GGA (left) and GGA+ U (right) calculations, with the spin-up
and spin-down electrons given to the right and left in each frame. The
energy zero indicates the Fermi level.

astonishingly weak, and the energy gap of about 1.2eV is
between the highest occupied majority valence bands with Cr
t,, character and the lowest-lying conduction bands of mixed
character (majority Cr e,, minority Cr t,,) thereby classifying
Cr,(NCN); as a d—d Mott-Hubbard insulator. Upon including
an on-site Coulomb interaction (GGA + U), the occupied Cr
3d states shift to even lower energies which immediately
translates into an increased mixing between the Cr 3d and the
N 2p orbitals. The somewhat larger energy gap (1.7 eV) is now
found between the highest valence band of strongly mixed Cr
t,, and N 2p character and the lowest conduction band of Cre,
character. In short, the electronic structures of Cr,(NCN);
both from GGA and GGA + U are similar to those of Cr,0O;
which is typically considered as an intermediate between a
charge-transfer (CT) and a Mott—-Hubbard (MH) insulator,
both from the experimental®™ and also the theoretical®
perspective. Hence, we conclude that Cr,(NCN); is also a
ferromagnetic intermediate CT-MH insulator, in good accord
with the macroscopic appearance of a green ferromagnetic
material.

In summary, we have synthesized the first transition-
metal(III) carbodiimide, Cr,(NCN)js, in phase-pure form and
determined its crystal structure and magnetic properties.
Cr,(NCN)j is an astonishingly inert material which adopts the
same crystal structure as the related antiferromagnet Cr,O;;
nonetheless, both experiment and GGA + U electronic-
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structure theory clearly indicate that Cr,(NCN); is ferromag-
netic. We consider these results an important step for finding
novel types of magnetic materials.

Experimental Section

All synthetic steps were carried out in an argon-filled glove box. The
reaction mixture comprises CrCl; (99.9 %, Alfa) and freshly prepared
ZnNCN, in slightly above the ideal 2:3 molar ratio together with a
mixture of LiCI/KCl (46:54, m.p.=352°C) needed as a flux. Both
reactants and flux were heated at 300°C under dynamic vacuum for
12 h and then to 550°C for another two days. The reaction follows the
simplest equation: 2CrCl;+3ZnNCN—Cry(NCN); +3ZnCl,. The
resulting powder was washed using dilute HCI, water. and acetone.
Green Cr,(NCN); is not only inert against air and water, but also
against acidic and alkaline conditions (!) over the entire pH range
between 1 and 14.

The high-resolution powder XRD pattern was collected with a
Stoe STADIMP powder diffractometer in transmission geometry
with strictly monochromatized Cu-Ka, radiation, a linear position-
sensitive detector, and a flat-sample holder. The WinXPOW pro-
gram®” was used for indexing the data. The primary structural model
was deduced by comparison with the crystal structure of Yb,(NCN);.
The Rietveld refinement on the basis of a pseudo-Voigt profile
function was carried out by using the Fullprof program package.*!!

Crystal data of Cr,(NCN);: M,=224.06, space group R3c (no.
167); a=b=5.4751(1) A, ¢=27.9696(3) A, V=726.102) A%, Z=6;
R,=0.017; R, = 0.024; Ry,,y, = 0.096; Cr on 12¢ with z =0.1659(1); C
on 18e with x=0.3166(11) and N on 36f with x=0.6416(7), y=
0.0004(8) and z =0.0404(1). Further details on the crystal structure
investigations may be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting
the depository number CSD-421391 for Cr,(NCN),.

Infrared data were measured with a Nicolet Avatar 360 FT-IR
E.S.P. spectrophotometer in a range from 400 to 4000 cm ' with KBr
disks: v,((NCN) =2005/2094 cm™', §(NCN) = 635/696 cm™".

Magnetic susceptibility measurements were carried out by
SQUID magnetometry (MPMS-5S, Quantum Design, San Diego,
CA) in the temperature range between 2-400 K and at applied fields
B, between 0.01-5 T. The data were corrected for the sample holder
(Teflon tubes) and the diamagnetic contributions of Cr** ions and the
carbodiimide ligand (approximately y,, = —14.1 x 107 m*mol ).

The periodic density-functional theory calculations were per-
formed with the Vienna ab initio simulation package (VASP).*
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