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(Ca;Ny)[M,] M =Ag, Ga, In, Tl): Linear Metal
Chains as Guests in a Subnitride Host**
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A large number of ternary nitrides of the alkaline-earth
metals (EA) with main-group or transition-metal elements
contain “isolated” nitride ions, which are in an octahedral
coordination environment and surrounded only by EA atoms.
Condensation of the coordination polyhedra (EA4N) through
common corners and edges leads to structural patterns of
various dimensionalities with different kinds of cavities,!"
which contain main-group and transition-metal species with
various homo- or heteronuclear interconnections (e.g.,
(SteN)[Gas] 21 (SrsN)[NDN,]P! (Ca;N),[FeN;] ! (Ca,N)-
[In,],”! (Ca;N)[Au]®). Ternary nitrides with the composition
(Ca;NY)[M,] M =Ag, Ga, In, Tl) were first investigated in
the late 1990s.¥1 As essential details of the crystal structures
remained unclear at that time, the data stayed unpublished.
The main problems in understanding the chemical bonding in
these compounds arose from the assumption that the (Ca;N,)
partial structure should be positively charged (2+) and from
the fact that the [M,] partial structure, an infinite linear chain,
could not be clearly resolved (e.g., the value of x and the
question as to whether there are additional N atoms within
the chains). Meanwhile, we investigated the redox intercala-
tion of binary EA subnitrides (EA,N) and the formation of
nitride diazenides.’'!l The reactions are clearly controlled by
EA species in a low-valence state (+ 1.5), which are structur-
ally characterized by atomic positions associated with three
condensed EA(N octahedra (EA4;N =EA,N). By taking into
account this structural peculiarity of the low-valency EA
species and by applying this principle to the (Ca;N4)[M,]
series, we see that the Ca/N partial structure immediately
appears as an uncharged mixed-valency subnitride
(Ca3*Ca; *Ni7). The situation is depicted in Figure 1 and
leads to the conclusion that there is no need for further charge
balancing, which makes the central (linear) M, chains an
object of special interest./

Single crystals of the highly hygroscopic phases,
(Ca;N,)[M,], are obtained by treatment of Ca;N, with M
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Figure 1. Crystal structure of (Ca;N,)[M,]. (Ca,;N,) framework in poly-
hedral representation; the assignment of Ca>* (orange) and

Ca'?* (red) ions is emphasized. [M,] is represented by black cylindrical
rods inside the channels. Table: lattice parameters (space group
Pbam) and occupancy x for (Ca,N,)[M,].l""

under N, or Ar at temperatures of approximately 1000 K.
The crystal structures of the orthorhombic phases (Pbam)
were determined from X-ray data."¥ The (Ca,N,) framework
consists of 2 x 2 chains of edge- and corner-sharing octahedra
connected through common apices to form large channels
running along [001]; M atoms are located inside the channels.
A precise determination of the positional parameters for M
from the diffraction data was virtually impossible.' As
judged from electron-density calculations, the compositional
indices, x, for the in-channel positions depend on the size of
the M atoms and decrease with increasing size of the metal
atom. The shapes and cross sections of the channels also
depend on the M species incorporated, that is, increasing the
size of the metal atom causes increasing “orthogonality”. In
contrast, the rigidity of the octahedral Ca/N building blocks
(2x2 chains) is clarified by the almost constant c lattice
parameter, which is independent of the in-channel M species.
Relevant data that characterizes the crystal structures of the
series (Ca;N,)[M,], M= Ag, Ga, In, and TI, are included in
Figure 1 and Figure 2 with the given parameter x derived from
the crystal-structure refinements. The values of x should be
taken as a first approximation and provide a first basis for
comparison with the other experimental and theoretical
results discussed below.

High-resolution electron microscopy (HREM) and elec-
tron diffraction (ED) were performed to obtain more
information about the positions of the M atoms within the
channels. Unfortunately, all representatives of the
(Ca;Ny)[M,] family readily hydrolyze when exposed to air,
and only specimens of the silver compound, (Ca;N,)[Ag; 3],
were amenable to ED experiments after preparation and
transfer to the electron microscope under a strictly inert-gas
atmosphere. High-quality HREM imaging was not possi-
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I[pm] |1011 994 975 934
wlpm] | 678 699 736 761
al°] |677 702 741 783

Figure 2. Projection on the Ca/N partial structure along [001]. The
shape of the channel is specified by the aperture angle a and the
diagonals | and w of the rhombic cross section. Table: Values for I, w,
and a are governed by the type of metal atom.

ble.'¥ Selected-area electron diffraction (SAED) patterns of
(Ca;N,)[Ag, 5] were registered for the [100], [110], and [010]
zones (Figure 3). In all three zones, continuous diffuse lines
can be discerned in addition to the Bragg reflections of the
subnitride (and a product arising from hydrolyzation).
Reconstruction in 3D reciprocal space results in sheets of
diffuse intensity described by the plane equation R=G =+
ea* £nb* £ yc* with & 5 being continuous variables and
y =1.357(25), which appear as first-order “satellites” to the
subnitride Bragg-reflections G = [hkl]*. Very weak second-
order satellite sheets (lines) are also present. Such diffuse
sheets are indicative of a 2D disordered (1D ordered)
structure or substructure,'” that is, perfectly periodic, iden-
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tical, and parallel chains of atoms, which are not arranged
regularly with respect to each other. Since two Laue
conditions are violated, the scattering is concentrated on a
family of parallel sheets (of first and higher order), which are
normal to the chains of atoms and show a spacing that
corresponds to the translational period along the chains. On
the one hand, diffuse sheets of higher than first order are
hardly visible. On the other hand, the pair of first-order sheets
is multiplied by double (or multiple) diffraction, which is
much more prevalent in ED than in X-ray or neutron
diffraction.™® As a result of double diffraction, a first-order
pair of diffuse lines accompanies every systematic row of
strong Bragg reflections, which extends horizontally, that is,
orthogonally to ¢* (Figure 3). In summary, the ED experi-
ment shows that 1) the Ag atoms form chains with equidistant
d(Ag-Ag) separations of 270(5) pm; 2) the chains are incom-
mensurate with the subnitride structure; 3)there is no
correlation between the z coordinates of Ag atoms (chains)
in different channels, that is, the Ag chains are arbitrarily
shifted along the channels."” Although it cannot be com-
pletely excluded that the chains might be interrupted by
vacancies, thus leading to a loss of correlation even along a
single channel, we favor the picture of the infinite chains with
d(Ag-Ag) 270(5) pm, which gives x = 1.36, a value consistent
with that derived from X-ray data (x=1.36, d(Ag-Ag)
269 pm; Figure 1).'" The incommensurate host-guest
arrangement and the missing correlation between the Ag
guest chains suggest quasi 1D behavior of these structural
elements. Similar linear metal chains are observed in high-
pressure modifications of the main-group elements K, Rb, Sr,
Ba, As, Sb, and Bi,"” and the transition metal, Sc.?” The
pairing of atoms within the 1D substructures, which is
predicted to result from a Peierls distortion, is still under
debate. To investigate the hypothesis of weakly interacting
chains in a rigid host framework, elec-
tronic-structure calculations by using a
full-potential local-orbital (FPLO)
code were carried out.’! To estimate
the host-guest interaction, we calcu-
lated the band structure and the density
of states (DOS) of a series of commen-
surate approximants. In all cases, only
weak hybridization of the guest chains
with the host lattice has been obtained.
The band structure shows very pro-
nounced 1D bands for the orbitals
related to the guest chains, especially
for the valence p, orbitals. In the DOS,
the corresponding van Hove singular-
ities are present. Thus, the weak host—
guest interaction estimated this way
justifies the simulation of the guest
chains by free, infinite, 1D chains. The
in-chain bond length was optimized by

[010]

Figure 3. SAED patterns of (Ca;N,)[Ag,] in a) [100], b) [110], and c) [010] orientation taken from different
microcrystals. All three patterns show continuous diffuse lines, which extend orthogonally to ¢*. They
appear as first-order “satellites” to the subnitride Bragg reflections at a distance |g|=vy |c¢*| with
y=1.357+0.025. For further interpretation see text. The textured rings are attributed to some hydro-
lyzation product of the hypersensitive compound. The reason for the splitting of Bragg reflections is still
unknown.
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using the total energy (Figure 4). The
resulting value d(Ag-Ag) 266 pm is in
good agreement with the bond lengths
derived from SAED (270 pm) and from
X-ray data (269 pm), thereby confirm-
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Figure 4. Energy versus bond length for an infinite, equidistant, and
linear chain of Ag atoms. The red line is a fourth-order fit to the
calculated data. The energy of the minimum at 266 pm is set to zero.

ing the picture of incommensurate metallic, 1D Ag guest
chains in the (Ca;N,) subnitride host channels (Figure 5). The
slightly smaller lattice parameter (about 1%) for the guest
chain compared with the experimental data is a well-known
systematic error arising from the local density approximation
(LDA). We know from previous experience that the good
agreement of the band-structure results with the guest chains
and the experimental data is a strong indication of the
excellent quality of the approximation of non-interacting
guest chains in a rigid host. However, the metallic character of
the resistivity (see below) for the Ag and the Ga compounds
implies that the remaining interaction between the host and
guest lattice is strong enough to inhibit a Peierls distortion,
which would occur for a purely 1D chain and cause an
insulating ground state. A detailed theoretical study of the
host—guest interaction and its impact on the electronic
structure will be undertaken.

Figure 5. [Ag, 3] chain within a channel formed by the subnitride
(Ca;N,). Front octahedra of the channel are omitted for clarity;

Ca”" orange, Ca'”" red, and N green. Incommensurability is indicated
by the given values for ¢ (365 pm) and d(Ag—Ag) (269 pm, from X-ray
data).
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The optimization of the in-chain bonding distance d(M-
M) by using the total energy, which is obtained by the same
procedure as that presented in Figure 4, yields 278 pm (M =
Ga), 305 pm (In), and 317 pm (TI). Although the calculated
value for the Ga chain is in good agreement with the distance
derived from the X-ray investigation (x=1.33, d(Ga-Ga)
274 pm), the calculated distances for In and Tl are much
shorter than the respective values based on x =1.02 (d(In-In)
356 pm) and x = 0.97 (d(T1-T1) 373 pm)."¥

For (Ca;N,)[In,], we were able to prepare a larger amount
of single-phase material and a chemical analysis was carried
out that gave x =1.06(1),?? which is close to the X-ray value
(x=1.02) and is unequivocally smaller than the value
obtained by calculations based on the assumption that the
chains of In atoms are equidistant, x = 1.19. This lower value
suggests the presence of In-In chain fragments within the host
channels with average lengths consistent with the observed
composition. The same model holds for the Tl compound. To
date, there is no evidence for significant variations in the
compositional index, x, for the In and Tl compounds, but this
observation has to be investigated in more detail.

From a structural point of view, the (Ca;N,)[M,] family
can be divided into two groups: the Ag and Ga compounds
with infinite host chains of equidistant metal atoms, and the In
and TI phases, which contain metal-chain fragments. For
infinite chains, metallic conductivity can be expected, whereas
segments of metallic chains would exhibit activated electronic
conduction.

The electrical resistivities, p(7), of cold-pressed powder
samples of the four compounds were investigated by using the
van der auw method (Figure 6). The Ag compound clearly
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Figure 6. Electrical resistivity, p, versus temperature, T, for cold-
pressed powder samples of (Ca;N,)[M,]. The measurement was
performed by the van der Pauw method in a die cell made of a
sapphire crystal.

displays a linear temperature dependence with po(7) increas-
ing with 7 and a room-temperature resistivity around
1 mQcm, which indicates a metallic conductor, albeit a poor
one. The resistivity of the Ga compound is metallic above
about 30 K (increasing with temperature), but shows a weak
upturn below this temperature. The In and Tl compounds
exhibit a thermally activated conduction mechanism. Note in
powder samples, the metallic regions of the crystallites are
generally interrupted, thus increasing the overall resistivity. In
the In and Tl compounds, the metal chains are assumed to be
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interrupted on the atomic scale. Simple statistics suggest that
with the given values of x and the calculated equilibrium
distances of the M atoms, average chain lengths for M =1In
and Tl are 1824 and 1794 pm, respectively. A closer inspection
of the temperature dependence of 1/p of these samples
reveals that their conduction mechanism can be well
described by 3D variable range hopping with an exponent
y=1/4"1 as could be expected for an ensemble of frag-
mented conducting, metallic chains. Only the Ag compound
behaves like a metal powder a result that is compatible with
uninterrupted infinite chains of M.

Powdered samples of (Ca;N,)[M,] M= Ag, Ga, In, and
Tl) show a paramagnetic susceptibility (Figure 7). The
susceptibilities are interpreted as the sum of weakly temper-

400
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300 [ & (Ca,N)[Ga, ;]
| 2 > CaNin,,.
o (CaN)[TI,, ]
—6
X107 g0t
emu mol™'!
100
G 1
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Figure 7. High-field magnetic susceptibility y=M/H (M magnetic
moment, H magnetic field strength versus T. The data were measured
in WH=7 T and were corrected for ferromagnetic impurities.

ature-dependent paramagnetic contributions and low-tem-
perature upturns from Curie-like impurities. Thus, the
materials are Pauli-paramagnetic metals with occupied
states at the Fermi level, Ey which confirms the metallic
character of the chains or chain segments in all four
compounds. The weakly temperature-dependent Pauli-para-
magnetic contribution, yp and the diamagnetic core contri-
butions, x4, can not be separated easily. However, we
estimate yp~300x 10~ emumol™! for the Ag and In com-
pounds. This value corresponds to a density of states, N(Eg) =
9-10states eV™' fu.”' (fu.=formula unit). For the com-
pounds with M = Ga, TI, about half the density of states is
estimated.

In conclusion, we have presented a series of compounds
consisting of a mixed-valent subnitride host structure
(Ca2*Ca} *N3") containing parallel channels that are incom-
mensurably filled with linear chains of equidistant metal
atoms (M =Ag, Ga) or fragments of linear chains of equi-
distant atoms (M =1In, TI) that interact only weakly with the
host lattice. Experimental results and theoretical calculations
carried out so far lead to a consistent picture, which will be the
basis for future work. Our main focus is to grow and prepare
single crystals suitable for the measurement of physical
properties in the directions parallel and perpendicular to
the metal chains. Further TEM investigations are needed,
including HREM imaging, which is dependent on the purity
and stability of the samples. The question of a possible
homogeneity range for the In and Tl compounds has to be
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answered and there is a need for further experimental
evidence concerning the valence states of the elements
involved. Finally, we will investigate whether there are
other metal atoms, besides Ag, Ga, In, and TI, that fit
within this type of subnitride structure—altogether a chal-
lenging program for the future.
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