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ABSTRACT: Two new tellurium-containing nitrides were grown from reactions in molten calcium and lithium. The compound
CagTe;N, crystallizes in space group R3¢ (a = 12.000(3)A, ¢ = 13.147(4)A; Z = 6); its structure is an anti-type of rinneite
(K;NaFeCly) and 2H perovskite related oxides such as Sr;Co,0g4. The compound Cag(Li,Fe;_,)Te,N; where x = 0.48 forms in
space group P4,/m (a = 8.718(3)A, ¢ = 6.719(2)A; Z = 2) with a new stuffed anti-type variant of the T;BiCl, structure. Band
structure calculations and easily observable red/green dichroic behavior indicate that CagTe;N, is a highly anisotropic direct band
gap semiconductor (Eg = 2.5 eV). Cag(Li,Fe,_,)Te,N; features isolated linear N—Fe—N units with iron in the rare Fe'* state.
The magnetic behavior of the iron site was characterized by magnetic susceptibility measurements, which indicate a very high
magnetic moment (S5.16p5) likely due to a high degree of spin—orbit coupling. Inherent disorder at the Fe/Li mixed site

frustrates long—range communication between magnetic centers.

B INTRODUCTION

Binary nitride materials have been valued for their versatile
physical properties since the early 20th century. Gallium nitride
and its III-V solid solutions are semiconductors widely used in
light-emitting diode and laser technology.' ™ Transition metal
binary nitrides such as NbN and TiN are well-known for their
superconductivity, Fe,N and Fe (N, have useful magnetic
properties, W,N, Mo,N, MoN,, and Ta;Ng are potential
catalysts, and MoN and Re;N are known for their mechanical
properties.*”"* More recently ternary nitrides such as AgTaN,,
MAX nitride phases (such as V,GaN and Ti,AIN;),
Li[(Li;_,Fe,)N] (x = 0.63), and others are gathering interest
due to their unique physical properties."*~"”

Unfortunately, complex metal nitrides are very difficult to
synthesize. Elemental nitrogen has a sturdy triple bond and
conversion of atomic nitrogen to N*~ has a high energy cost.
Metal nitrides are thermodynamically unstable with respect to
their corresponding oxides. These factors make the formation
of nitrides a greater challenge than most materials such as the
ubiquitous oxide families. Therefore, the ability to overcome
these barriers presents a great opportunity to discover new
compounds with unique properties.
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Synthetic techniques that have been explored to solve this
problem include conventional solid state reaction, ammonol-
ysis, vapor deposition methods, solid—solid phase metathesis
reaction, magnetron sputtering, and growth from metal or salt
fluxes."*~*" The metal flux method involves the use of an excess
of a low melting metal as a solvent; this dissolves reactants and
facilitates reactions by eliminating diffusion barriers. We are
exploring flux mixtures of calcium and lithium. Calcium has a
melting point above 800 °C, but when combined with lithium
in a 1:1 mol ratio, a molten mixture forms at a significantly
lowered temperature of about 300 °C. While electronegative
main group elements are especially soluble in electropositive
Ca/Li mixtures, light elements are also highly reactive in these
melts. Previous reactions utilizing Ca/Li flux have produced
compounds such as Ca;,InCy5_,, CagyIn;3B_yHzuy),
Ca;E;Cs (E = Sn, Pb), LiCasAs,H, LiCa,Ge;H;, and
Ca,LiC;H.”*"*” Based on the successful syntheses of complex
metal carbides and hydrides from refractive light element
sources, it was postulated that Ca/Li flux may also be useful for
the synthesis of complex nitrides.
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Table 1. Crystallographic Data Collection Parameters for the Title Phases

CagLij 4gFeq s, Te,Ny CagTe;N,
formula wt (g/mol) S71.1 651.3
cryst syst tetragonal rhombohedral
space group P4,/m (#84) R3¢ (#167)
a (A) 8.718(3) 12.000(3)
¢ (A) 6.719(2) 13.147(4)
Z 2 6
volume (A3) 510.7(4) 1639.5(10)
density, caled (g/cm®) 3.709 3.958
index ranges —11<h<11,-11<k<11,-8<IL5S —15<h<16,-16 <k <15 -17<1<17
reflns collected 3742 6417
unique data/params 691/38 456/20
u (mm™) 9.38 10.71
Ry/wR,* 0.0194/0.0495 0.0111/0.0246
R,/wR, (all data) 0.0196/0.0499 0.0120/0.0249
GOF 1.400 1.091

“Ry = X(IF,| = IF)/XIE; wRy = [X[w(E,* — F2)?1/ L (wlF,P)*]V2

Two new complex metal nitrides, CagTe;N, and
Cag(Li,Fe;_,)Te,N; (with x =~ 0.48), were grown from
reactions of tellurium and an ionic nitride source in Ca/Li
flux. Both compounds exhibit charge-balancing with Te>~
anions and N*~ anions surrounded by Ca*" cations. Addition-
ally, Cay4(Li,Fe,_,)Te,N; contains a Li/Fe' mixed site linearly
coordinated by two nitride anions. Iron as the Fe* species in
iron-substituted Li;N has been reported to exhibit a uniquely
high magnetic moment; magnetic susceptibility measurements
confirm that such behavior is also present in Cag(Li,Fe,_,)-
Te,N,;.”** CagTe;N, has a rhombohedral structure and
exhibits strong red/green dichroism. Band structure calcu-
lations for CazTe;N, were carried out to investigate the
potential cause of the dichroism and confirm the anisotropic
nature of the band gap.

B EXPERIMENTAL PROCEDURE

Synthesis. CagTe;N, was initially observed as a low yield
byproduct of reactions of tellurium and carbon in Ca/Li flux. Calcium
metal (99.5%, Alfa Aesar), chunks of lithium (99.8% Strem ), tellurium
powder (99.95%, CERAC), and acetylene carbon black powder
(99.5% Alfa Aesar) were used as received. Reactants and flux metals
were added to stainless steel crucibles (7.0 cm length/0.7 cm
diameter) in a 7:7:1:2 mmol Ca/Li/Te/C ratio in an argon-filled
glovebox. The crucibles were sealed by arc-welding under argon and
were placed in silica tubes, which were flame-sealed under vacuum.
The ampules were heated from room temperature to 1050 °C in 3 h
and held there for 2 h. The reactions were cooled stepwise to 850 °C
in 72 h and to 500 °C in 36 h, and then held at 500 °C for 24 h. The
reactions were then removed from the furnace, inverted, and
centrifuged for 2 min to separate the crystalline products from the
Ca/Li melt. Crystal products adhere to the sides of the crucible. The
steel crucibles were cut open in an argon-filled glovebox.

Initial crystallographic studies of the product indicated that light
element sites were occupied by nitrogen instead of carbon. Since some
of the reactions were carried out using calcium metal that was purified
by heating to 700 °C under high vacuum to remove any hydride and
nitride contaminants that could possibly mix onto light element sites,
the likely nitride source was the lithium metal reactant (which has a
thin nitride surface film). Subsequent reactions were prepared
(similarly to those mentioned in the previous paragraph) using
deliberately added Li;N (99.5% CERAC) or Ca;N, (99% CERAC) as
a nitride source. The reaction Ca/Li/Te/Li;N (in a 7:7:1:1 mmol
ratio) produced a significantly higher yield of CasTe;N,, but it also
resulted in formation of the byproduct Cag(Li,Fe,_,)Te,N;, obtained
in low yield. To ensure no carbon from the steel crucible mixed onto

light element sites, Ca/Li/Te/LisN or Ca/Li/Te/Ca3N, (both
reactions in a 3.5:3.5:0.5:0.5 mmol ratio) were prepared in sealed
niobium crucibles. Reproduction of the desired CagTe;N, was
successful, which confirms the identity of the atom at the light
element sites to be nitrogen (see crystal data, vide infra). It is
noteworthy that the use of Li;N produced CagTe;N, in low yield (with
CaTe as the major phase), while the use of Ca;N, as the nitride source
produced CagTe;N, as the major product. Using niobium also
excludes iron from the reaction mixture, so no Ca4(Li,Fe;_,)Te,N,
formed in these reactions.

Cag(LiFe,_,)Te,N; was formed from leaching of iron from the
stainless steel crucible during the reaction. Leaching is exacerbated by
adding carbon into the reaction. Ca/Li/Te/C/LisN reactions in a
7:6:1:2:1 mmol ratio produce almost pure Caq(LiFe,_,)Te,N; with
no CagTe;N,; the only byproducts were slight amounts of carbon
powder and CaTe (see powder X-ray diffraction data in Supporting
Information, Figure S1). The EDS data indicated some nickel present
in the material, likely mixing on the iron site. To determine whether
the compound could be prepared without nickel or carbon
incorporation, the reaction Ca/Li/Te/Li;N/Fe foil in a
3.5:3.5:0.5:0.5:1 mmol ratio was prepared in a niobium crucible.
Cag(LiFe,_,)Te,N; was reproduced, albeit in low yield (several
competing phases were present such as CaTe and CaLi,). This shows
the compound can be produced without any incorporation of nickel.
This also confirms single crystal refinements suggesting light element
sites are indeed occupied by nitrogen.

Elemental Analysis. Elemental analyses were carried out using a
scanning electron microscope (SEM; FEI NOVA 400) with energy
dispersive spectroscopy (EDS) capabilities. Samples of product crystals
were affixed to an aluminum SEM stub using carbon tape and analyzed
using a 30 kV accelerating voltage. The EDS detector is not sensitive
to the presence of light elements such as lithium or nitrogen, so only
the relative ratios of calcium, tellurium, iron, and nickel were observed.
The presence of lithium and nitrogen within the crystal structure was
inferred based on reactants present, bond lengths observed, and charge
balancing of the structure. SEM—EDS data for both compounds are in
agreement with single crystal structure refinements, although the
calcium percentage is slightly elevated due to residual flux on the
crystal surfaces. Calcium and tellurium within CagTe;N, have average
ratios of 68% and 32%, respectively. For Caq(Li,Fe,_,)Te,N; calcium
and tellurium ratios are consistently 72% and 22% respectively. The
iron content of Cag(Li,Fe;_,)Te,N, ranges from 2.7% to 6.3% across
multiple samples. The majority of values fall in the 4—6.3% range with
occasional outliers at the lower atomic percentages when nickel
contamination is present. Nickel incorporation from using steel
crucibles ranges from 0.5% to 2.5%. Iron content of Ca4(Li,Fe,_,)-
Te,N; synthesized in niobium crucibles is consistent in the 5.5-6.3%
range and shows no nickel contamination.
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Crystallographic Analysis. Samples of CasTe;N, and
Cag(Li,Fe,_,)Te,N; were brought out of the glovebox under Parabar
cryoprotectant oil (Hampton Research) and examined under a
microscope to select crystals for diffraction studies. Pieces of suitable
size were cut from larger crystals and were mounted in cryoloops.
Single-crystal X-ray diffraction data were collected at 150 K under a
stream of nitrogen using a Bruker APEX 2 CCD diffractometer with a
Mo Ka radiation source. Absorption corrections were applied to the
data sets using the SADABS program.”® Refinements of the structures
were performed using the SHELXTL package.’’ The structure of
CagTe;N, was initially solved in monoclinic space group C2/c
(No.15), but use of the AddSym program in the PLATON software
suite indicated the presence of additional symmetry elements and
converted the structure to rhombohedral space group R3¢ (No.
167).%” The structure of Cag(LiFe,_,)Te,N; was solved in tetragonal
space group P4,/m (No. 84). For both structures, calcium and
tellurium sites were located using direct methods. Light element
positions were located using difference Fourier calculations. Nitrogen
atom sites were initially assigned as carbon, but higher than 100%
occupancy was observed. Bond lengths and requirements of charge-
balancing indicated the possibility that these were in fact nitrogen
sites; this was confirmed after carbon-free syntheses were carried out
which successfully yielded the target products. The Wyckoff site 2b in
Cag(LiFe,_,)Te,N; is located between two symmetry equivalent
nitride sites and was originally thought to be a partially occupied
calcium atom, but the bond lengths were too short. Upon finding iron
present in the EDS analysis and noting similar Fe—N and Li—N bond
lengths in the literature (vide infra), this site was assigned as occupied
by a mixture of iron and lithium. Data sets were collected for several
crystals, with the Fe content on this mixed site ranging from 52.5(4)%
to 57.5(4)%, averaging S5% (for an average stoichiometry of
CagLig 4sFeqssTe,N;). Crystallographic data and collection parameters
are shown in Table 1. Atomic positions and thermal parameters for
both structures can be found in Supporting Information. Further
details of the crystal structure investigations may be obtained from FIZ
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, on quoting
the deposition number CSD-431001 (for CasTe;N,) and CSD-
431002 (for CagLig,gFeq s, Te,N3).

Electronic Structure Calculations. Band structure and density of
states (DOS) calculations for the title compounds were carried out
using the Stuttgart TB-LMTO-ASA software package, based on the
unit cell dimensions and atomic coordinates derived from single crystal
diffraction data.** Cag(Li Fe,_ )Te,N; contains an iron/lithium mixed
site (Wyckoff 2b site). Because the mixed occupancy is close to 50:50,
an ordered model was developed in which iron and lithium alternate in
this position. This was done by removing the symmetry to convert the
Fe/Li 2b Wyckoft site into two crystallographically unique la sites,
which were assigned as filled with Fe and Li. Calculations were carried
out on the resulting Ca,,LiFeTe,Ng model in P1. For comparison,
calculations on the two end member compounds were carried out in
the original P4,/m symmetry: one model with the mixed site fully
occupied with iron and the other model with lithium in this site
(CagFeTe,N; and CagLiTe,N; respectively). Empty spheres were
added by the program where appropriate to fill the unit cell volume.
An 8 X 8 X 16 k-point mesh was used for the tetragonal structures and
a 16 X 16 X 16 k-point mesh was used for the rhombohedral structure;
these were integrated using the tetrahedron method. The basis sets for
Caq(Li,Fe,_,)Te,N; consisted of Ca 4s/4p/3d, Te S5s/Sp/5d/4f, N
2s/2p/3s, and Fe 4s/4p/3d or Li 2s/2p/3s orbitals. The Ca 4p, Te
5d/4f, N 3s, and Li 2p/3s orbitals were downfolded. For CasTe;N,,
the basis sets consisted of Ca 4s/4p/3d, Te 5s/5p/5d/4f, and N 2s/
2p/3s orbitals. The Ca 4p, Te 5d/4f, and N 3s were downfolded.

Magnetic Properties. Magnetic measurements were carried out
on a Quantum Design SQUID magnetic property measurement
system. Samples of Cag(Lij4sFeqss)Te,N; grown from Ca/Li/Te/C/
Li;N reactions in a 7:6:1:2:1 mmol ratio were taken out of the
glovebox in Parabar oil, and large, clean crystals were selected under a
microscope. The Parabar oil was wiped off of the crystals before
sealing them between two pieces of kapton tape and placing this into a

plastic straw attachment on the SQUID sample holder. Temperature
dependent magnetic susceptibility data were collected between 1.8 and
200 K. A small signal at 50 K is due to sample holder impurity. A
magnetic field of 5000 G was applied for the data collection. Field-
dependent magnetization data were collected at 1.8 K between 0 and 7
T.

B RESULTS AND DISCUSSION

Synthesis. Reactions of tellurium and a source of nitrogen
in Ca/Li flux yielded two new complex metal nitrides:
CagTe;N, and Cag(LiFe,_,)Te,N;. The CagTe;N, phase
forms as glossy translucent chunks ranging in size from about
0.2 to 0.5 mm across. This material displays obvious dichroism,
appearing green at some angles and red at others, depending on
overhead angle of incident light when viewed under a
microscope (see Figure lc; both crystals were screened by

Figure 1. Images of CasTe;N, and Cag(LiFe,_,)Te,N; crystals: (a)
SEM image of CasTe;N,; (b) SEM image of Cay(Li,Fe,_,)Te,N;; (c)
Microscope image of CagTe;N, under parabar oil. Two colors, green
and red, are observed due to inherent dichroism.

SCXRD to confirm that they are in fact the same compound).
The yield was 45% from Ca/Li/Te/Ca;N, in a 3.5/3.5/0.5/0.5
mmol ratio based on tellurium; the byproduct was CaTe. The
Caq(Li,Fe,_,)Te,N; phase grows as black faceted rod crystals
up to 0.6 mm in length and 0.2 mm in diameter. The yield is
50% (from Ca/Li/Te/C/Li;N in a 7/6/1/2/1 ratio) based on
nitrogen along with slight amounts of CaTe byproduct.

DOI: 10.1021/jacs.6b06024
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(c)

Figure 2. Structure of CasTe;N,. (a) Rhombohedral structure of CagTe;N, viewed in the [001] direction. Calcium atoms are shown in blue,
tellurium in green, and N@Ca4 polyhedra in yellow. (b) Chain of alternating octahedral and trigonal prismatic N@Ca, polyhedra viewed in the

[010] direction. (c) Eight-fold coordination environment of the Te site.

Figure 3. Structure of Cag(Lij4sFeys;)Te,N;. Color scheme is the same as the rhombohedral structure with the exception of the addition of red
spheres, which represent the Li*/Fe* mixed site. Tetragonal structure viewed in (a) the [001] direction and (b) the [010] direction. (c) Tellurium
anion coordination environment. (d) Local environment around N2, with bond lengths listed. (e) Linear N—(Fe/Li)—N units along the 4, screw

axis.

Molten alkali or alkaline earth metals are clearly excellent
reaction media for the synthesis of new nitrides. The successful
isolation of nitrides from Ca/Li flux was anticipated by our
previous accidental formation of Ca;,As4Cy4sN; 1,Hyo during
investigations into synthesis of arsenide carbides and
hydrides.”> Other examples of nitrides grown from melts of
electropositive alkali and alkaline earth metals include Sr,NiN,,
which crystallizes in molten Na, Ca;Ga,N,, which was
synthesized from a Ca/Na melt, Li,(Li,_,Fe,)N, which was
grown from excess molten Li, and subnitrides such as
LigoBa;oNy and NagBa;N, which form in Li/Ba and Na/Ba
flux, respectively.”>**~*” Jesche and Canfield have explored
both lithium and calcium melts for the synthesis of many binary
and ternary nitrides.”® The electropositive metals are effective at

reducing N, or dissolving binary nitride reactants, coordinating
the nitride anions, bringing them into solution and enabling the
formation of complex metal nitride products. It was noted by
Canfield that multinary nitride syntheses in pure calcium melts
are hindered by formation of Ca,N as a competing
byproduct;*® our use of Ca/Li flux mixtures appears to
minimize the formation of this phase.

Structure of CagTesN,. CasTe;N, crystallizes in the
rhombohedral space group R3c (shown in Figure 2). Its
structure is an anti-type of the rinneite structure (K;NaFeCly),
as well as that of a family of 2H-hexagonal perovskite related
oxides exemplified by Sr;LiNbO.*"* The calcium cations of
CagTe;N, are positioned in the anion sites of the parent
structures. The telluride and nitride anions are both surrounded

DOI: 10.1021/jacs.6b06024
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by calcium cations and occupy the cation sites of the parent
structures. There are two unique nitride anions (sites 6b and
6a, respectively), both coordinated by six calcium cations; N(1)
@Cag4 octahedra and N(2)@Cag trigonal prisms share faces to
form chains running in the [001] direction (Figure 2b). In the
parent structures, these chains are comprised of octahedra
centered by the smaller cation (for instance, FeCly octahedra in
rinneite and NbOy octahedra in Sr;LiNbOg) alternating with
trigonal prisms centered by the larger cation (NaCly and LiOg
units, respectively). In CasTe;N,, the Ca—N bond lengths are
2.3833(6)A for the octahedrally coordinated nitrogen (N1) and
2.4990(6) A for the trigonal prismatic coordination (N2).
These Ca—N distances are within the range of bond lengths
reported for Ca;,AsX, (X = C, H, N) (2.265—2.608 A), Ca,N
(2.4426 A), Ca;;N4x(CN,), (2.308—2.9 A), and Ca;N,
(2.4573—2.4792 A).>>*'~* The tellurium anion (18e site) is
surrounded by eight calcium cations at bond lengths ranging
from 3.2031(8) to 3.3374(9) A to form an irregular polyhedron
shown in Figure 2c. The tellurium site is positioned on the 3,
screw axis running parallel to the c-axis. This screw axis is
surrounded by chains of face-sharing N@Cag polyhedra; the Te
anions fill the spaces between these chains. The formation of
CagTe;N, in a 2H-hexagonal perovskite anti-type is intriguing,
given the inherent structural flexibility of this family of oxides.
Variants of this structure are known with different ratios and
stacking patterns of the octahedra and trigonal prisms.*’
Stacking variants may be accessible in the nitride systems by
replacing tellurium with a smaller anion.

Structure of Cag(LiFe;_,)Te;N;. Cag(LiFe,_,)Te,N; has
a new structure type in tetragonal space group P4,/m (Figure
3). This compound also features telluride and nitride anions
surrounded by calcium sites. The single unique tellurium site is
coordinated to 10 calcium atoms with bond distances ranging
from 3.251(1) to 3.652(1) A. The N1 nitride site (2d Wyckoff
site) is octahedrally coordinated to six Ca** cations at distances
of 2.373(1)—2.4383(8) A. An additional nitride site (4j) is
octahedrally coordinated by five calcium atoms and a sixth site
that was difficult to assign. Based on its position (linearly
coordinated by two symmetry equivalent nitride anions at
distances of 1.859(2) A), this site (2b) must be occupied by a
cationic species. The short bond length and low electron
density indicates this site is occupied by a smaller and lighter
cation than calcium. However, the electron density was higher
than could be accounted for by lithium. Since SEM—EDS
indicates the presence of iron, this was refined as a Li/Fe mixed
site. Elemental analyses and crystallographic refinements on
several crystals indicate a narrow substitution range on this site,
from 52% to 57% Fe. A +1 oxidation state is required on this
iron ion to balance the charge: (Ca®")4(Li/
Fe1+)1(Te2_)2(N3_)3.

This CagMTe,N; (M = Fe/Li) structure can be viewed as a
stuffed anti-type of the TL;BiCly structure (which is a simpler
variant of the (NH,);MoCly structure type)."* The calcium
cations of Cag(LiFe,_,)Te,N; occupy the chloride sites of
TLBiCly, and one of the nitride sites (on the 2c Wyckoff site)
occupies the bismuth position. The tellurium anions are in the
4j Wyckoft site, in the same position as one of the thallium sites
in T;BiCl,. The mixed site (M = Fe/Li) is positioned on the
other thallium site of the parent structure (the cuboid-
coordinated 2b Wyckoff site). These structural components
yield a formula of (Te,M)NCa, mirroring the stoichiometry of
TLBiCls. The remaining nitrogen site (on a 4j Wyckoff site),

which linearly coordinates the Fe/Li cation, is not found in the
parent structure; CagMTe,Nj is therefore a “stuffed” variant.

Nitride compounds containing Fe'* have been of great recent
interest. This is largely due to the rarity of the monovalent iron
ion and the unusual magnetism recently observed for this ion in
Li,(Li;_,Fe,)N, vide infra. This substitution compound of Li;N
was originally synthesized by Kniep et al; this group has gone
on to isolate several other complex nitrido ferrates that also
feature Li/Fe mixing, such as Ca,{Li[(Li,_,Fe,)N,]} (x =
0.82), Ca{Li,[(Li;_,Fe,)N],} (x = 0.30), and Sr-
{Li,[(Li,_,Fe,)N],} (x = 0.46)."** These compounds
contain N—(Fe/Li)—N linear units linked into infinite chains,
unlike the discrete N—(Li/Fe)—N species surrounded by
calcium and organized along a screw axis in Caq(LiFe;_,)-
Te,N;. Other structures that feature isolated transition metal—
nitride units include Li,FeN,, Sr,FeN,, Sr,ZnN,, and
Ba,ZnN,."”~* Isolated linear units with Fe'* are rarer with
Sr¢FeC,N, being the only other example.’® The (Li/Fe)—N
bond distance of 1.859(2) A in Caq(Liy4sFeys,)Te,N; is very
similar to Fe—N and Li—N distances of 1.8469(9)A reported
for Ca,{Li[ (Li;_,Fe,)N,]} with x = 0.82." Li—N bond lengths
at the 1b Wyckoff site in Li;N are 1.938(1) A but have been
shown by Kniep et al. to decrease with increasing iron
sul?gtgifution at the Li site to 1.815(1) A in Li,(Lig.3;Feq4;)-
N

Magnetic Properties of Cag(Lig4sFeqs5)Te;Ns. Iron as
Fe'* exhibits abnormally high magnetic moments in some
compounds, particularly when linearly coordinated by nitride
anions. A linearly coordinated high spin d’ ion is expected to
have S = 3/2 and a spin-only magnetic moment of 3.87u3.
Reports on Fe'-substituted Li;N analogs Li,(Liyg,Feq15)N and
Li,(Liy,oFeg,; )N indicated magnetic moments of 4.445/Fe and
5.8ug/Fe respectively, due to the presence of unquenched
orbital angular momentum.”**’ Depending on the level of iron
substitution, some of these compounds exhibit large magnetic
anisotropy and ferromagnetic ordering with coercive fields
above 10 T, rivaling or exceeding the hard magnetic properties
of rare-earth based magnets such as Nd,Fe,,B.**

Cag(Li,Fe,_,)Te,Nj; adds to the small number of compounds
containing Fe'* ions linearly coordinated by nitride anions.
Magnetic susceptibility data for this compound are shown in
Figures 4 and 5. Temperature dependence measurements show
that Cag(LigsFegss)Te,N; is paramagnetic with no long-range
ordering down to 1.8 K and no difference between field-
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Figure 4. Temperature dependent magnetic susceptibility data for
Cag(Lig4sFegss)Te;N3, collected at 0.5 T. Solid symbols are
susceptibility data; empty red triangles are inverse susceptibility
values, with the data fitted to the Curie—Weiss law indicated by the
line.
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Figure 5. Magnetization data for Cag(Liy4sFeyss)Te,N;, collected at
1.8 K.

cooled/zero-field cooled susceptibility. Fitting the high temper-
ature data to the Curie—Weiss law yields a magnetic moment of
Hee = S5.1615/Fe ion and a Weiss constant of § = —17 K. The
high magnetic moment on Fe'* was reproducibly observed in
measurements on several different samples; magnetic moments
for the iron ranged from 4.29 to 5.164y. This is in accordance
with the reported magnetic moments on Fe'* ions in
substituted Li;N. The somewhat large and negative Weiss
constant may indicate that antiferromagnetic coupling forces
are present between the Li/Fe sites, which are 3.36 A apart.
The lack of long-range ordering is likely due to the mixing of

iron with lithium in the chain, which causes dilution of
magnetic centers and may cause spin frustration.

The magnetization data for Cag(Lig4sFegss)Te,N; at 1.8 K is
shown in Figure S. Despite the lack of evidence for long-range
ordering in the temperature dependence data, magnetic
saturation for Cag(Lig4sFegss)Te,N; is clearly apparent at
fields higher than 3T. The saturation magnetization is below
2uy/Fe'*, which is contrary to the magnetic moment calculated
from the Curie—Weiss fit above. This may be due to the highly
anisotropic nature of the N—Fe—N linear units running down
the c-axis and the inability to align this axis parallel to the
applied magnetic field. Crystals proved cumbersome to align
with the magnet due to their small sizes (multiple crystals were
required to obtain measurements) and their air sensitivity,
which hinders the ability to manipulate the orientation of the
crystals. Crystals were inevitably oriented randomly, which
inhibits complete magnetic saturation along an easy axis.

Further exploration of the transition metal substitution
chemistry of Cay(Li,_,Fe,)Te,N; is in progress. The syntheses
described in this work were carried out in the presence of
excess iron (using steel crucibles or with addition of excess iron
reactant), which would likely maximize the iron content of the
samples. Incorporation of smaller amounts is of interest;
reports on Li,(Li;_,Fe )N indicate that higher moments and
hard ferromagnetic behavior is observed for analogs with lower
iron content.”® Li;N is also able to substitute other transition
metals (including Mn, Co, Ni, and Cu).”>**> Our observation of
nickel incorporation by EDS indicates the same is likely for
Cag(Li;_.Fe,)Te,N;. It is also notable that the structure and
magnetic properties of Ca4(Li;_,Fe,)Te,N; meet the design
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Figure 6. (top) Calculated electronic density of states data for CagTe;N,. The Fermi level is set at 0 eV. (bottom) Calculated band structure of

CagTe;N,. Direct band gap is seen at I'.
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requirements for single chain magnets (SCM). These magnets
are similar to single molecule magnets but acquire higher
dimensionality (1D) due to the presence of a linker (such as a
bidentate organic ligand) between each magnetic center, which
orders the centers into chains. SCM behavior requires the
presence of a magnetic ion with significant uniaxial anisotropy
(the Ising center); these Ising centers must be linked in a way
that produces nonzero interactions between the magnetic
moments along the chain, and these chains must be separated
in space to minimize any magnetic interactions between
chains.”* SCM behavior is typically targeted and explored in
transition metal coordination polymer systems. While there is
no covalent linker present in Caq(Li,_,Fe,)Te,N;, the position-
ing of the strongly anisotropic N—Fe—N units along the 4,
screw axis in the crystal structure creates a 1-D chain of these
magnetic species, and the chains are separated in space by the
calcium/tellurium network.

Electronic Structure and Optical Properties. In agree-
ment with the charge-balanced nature of CasTe;N,
((Ca?)4(Te*);(N7),), band structure and density of states
data shown in Figure 6 confirm that this compound is a
semiconductor with a calculated band gap of E, = 2.5 eV.
Calcium states dominate the conduction band but have minor
contributions to the valence band near the Fermi level (Eg).
The anions in the structure make the major contributions to
the valence band. Tellurium states are predominant between 0
and —0.5 eV below Ep. Bands derived from the trigonal
prismatically coordinated N2 jon are found between —0.5 and
—1.5 eV; the octahedrally coordinated N1 site yields bands at
lower energies (—1.5 to —3.5 V). This can be explained by the
relative Ca—N bond lengths; the octahedral site has shorter
Ca—N bond lengths than the trigonal prismatic site. The
improved orbital overlap causes stabilization of the N1 states.

The band structure indicates that CagTe;N, is a direct gap
semiconductor. This direct gap occurs at the I' point, from
valence band tellurium states to calcium states in the
conduction band. The strongly anisotropic nature of the
compound is indicated by the fact that, while the tellurium
states at the I" point yield a band gap of 2.5 eV, the effective
bandgap in all other directions in the Brillouin zone is
significantly larger. Accordingly, Ca,Te;N, displays dichroism,
appearing red at some angles of incident light and green at
others (Figure 1). Polarized UV/vis/NIR measurements on
aligned samples would be needed to further investigate this but
are hindered by the air sensitivity of this compound. Such
measurements have been carried out on other compounds
exhibiting dichroism, including chalcopyrites such as AgGaSe,
and CdGeP,, and more recently on layered black phospho-
rus.”> ">’ These compounds exhibit band structures that are
strongly anisotropic near Ep, and strong changes in absorbance
edge are observed with different light polarizations.

Calculation and analysis of the electronic structure of
Cay(Li,Fe,_,)Te,N; was more difficult due to the mixed Li/
Fe site. Since the ratio of lithium to iron in this 2b Wyckoff site
is very close to 1:1, an ordered model was developed by
lowering the symmetry. This converts the 2b site to two
individual 14 sites, one of which was assigned as lithium and the
other as iron. This produces a structure with alternating [N—
Fe—N] and [N—Li—N] units along the c-axis. The resulting
density of states data are shown in Figure 7. Similar to
CagTe;N,, the valence bands near Ep are dominated by
tellurium states, and the conduction bands by calcium states.
However, there is no bandgap; instead, there is a narrow band
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Figure 7. Electronic density of states data calculated for
Cag(LigsFegs)Te,N; model compound with ordered Li and Fe siting.
The Fermi level is set at 0 €V. (a) Total and partial DOS. (b) The iron
d-orbital derived states. (c) The lithium states.

at the Fermi level derived from iron d_2 orbitals. Another
narrow d-orbital band is found at 1 eV below Eg. As expected
from the structure, not all of the d-orbitals show interactions
with states from the neighboring nitride ions. The d,, d.o_,
d, and d,, orbitals contributing to the —1 eV band are
essentially nonbonding, but the d,? orbital (at or slightly above
Ep) does hybridize with nitride states. Based on these
calculations, the black color of the crystals is due to the iron
substitution, but the narrow band and dilution with lithium
localizes the d-electrons on iron sites, in agreement with the
magnetic susceptibility data.

In addition to density of states calculations for the ordered
CagLiyFeysTe,N; model, calculations were also done for
models in which the 2b site of the P4,/m structure was either
fully occupied by Li or fully occupied by Fe. The resulting DOS
plots are shown in the Supporting Information as Figure S2.
The model with the Li/Fe site fully occupied by lithium
(CagLiTe,N;) shows salt-like characteristics and a band gap of
1.8 eV, as expected for a charge-balanced compound consisting
of only main group elements. The valence band is comprised
predominantly of anion states (N°~, Te*”) and the conduction
band contains the cationic states (Ca** and Li*). The model
containing iron filling the mixed site (CagFeTe,N;) shows large
contributions of iron d-orbital valence states in a narrow band
crossing the Fermi level.
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B CONCLUSIONS

Two complex metal nitrides with new structure types were
grown from calcium/lithium melts. The syntheses of CagTe;N,
and Cag(LiFe,_,)Te,N;, along with our previously reported
nitride Ca 4As4Cy4sN;14H,o,, demonstrate the capability of
Ca/Li flux to dissolve nitride salts and enable the crystallization
of new metal nitride materials. CagTe;N, features a direct band
gap of 2.5 eV according to DOS calculations, making it a
potential candidate for semiconductor applications such as
LEDs. Cag(LiFe,_,)Te,N; features a large magnetic moment
on a linearly coordinated iron ion in the rare +1 oxidation state.
Unfortunately, further measurements such as UV—vis measure-
ments for CazTe;N, and magnetic measurements of oriented
crystals of Cag(LiFe,_,)Te,N; were limited by their air-
sensitive nature. Synthetic routes to analogs of Cag(Li,Fe;_,)-
Te,N; containing different amounts of iron at the Li/Fe site
may be interesting, possibly enabling variation of the magnetic
moment of Fe'" and yielding long-range magnetic ordering, as
is observed for Li,(Li;_ Fe )N.*®
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