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ABSTRACT

Nitridoferrates containing monovalent iron ions are a class of materials of recent interest as
potentially novel magnetic materials. Aiming at the exploration of nitridoferrates of calcium, we
report the single crystal growth from Ca flux and crystal structure of the first member (n = 2) of a
series of inverse Ruddlesden-Popper nitrides with a general formula of A,-1A2BnXan+1, Where A
= Li/Fe, A'=Te, B =N, and X = Ca. Single crystal X-ray diffraction analyses indicate the crystal

with a composition of Caz(Lios2)Feoss@)Te2N2 and the tetragonal space group 14/mmm (a =



4.7884(1) A, ¢ = 25.3723(4) A, Z = 2). The structure features alternately stacking NaCl-type A'X
slabs and the perovskite-type ABXz slabs along the c axis. The Li/Fe atoms are located in
cuboctahedral cavities surrounded by eight CasN octahedra in the ABXs slab. This work
demonstrates the viability of the Ca-rich flux as a suitable solvent for the exploration of new
complex nitrides with interesting crystal structure and properties.
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1. Introduction

Binary nitride materials have attracted strong interest in both science and technology for their
properties over the past decades. GaN and its 111-V solid solutions are semiconductors widely used
for the light emitting diode, laser diode, photodetector, and sensor application [1-5]. NbN, ZrN,
and HfN are well known superconductors with relatively high superconducting transition
temperatures for conventional superconductors [6-8]. Hexagonal BN is a good lubricant over a
wide temperature range and a two-dimensional (2D) material offering a remarkable opportunity
for advanced 2D devices [9,10]. Cubic BN and wurtzite BN are reported to have a hardness
comparable to diamond [11,12].

More recently, interest in complex nitrides, like ternary and quaternary nitrides, has increased due
to their specific properties [13]. Among complex nitrides, nitridoferrates of alkaline and alkaline
earth metals, containing monovalent iron have attracted specific attention. Up to now, several
nitridoferrates featuring one-dimensional (1D) N-(Li/Fe)-N chains, such as Liz[(Lii—xFex)N]
[14,15], CaLiz[(Lii—«Fex)N]2 [16], SrLiz[(Lii<Fex)N]2 [16], Cax{Li[(LizxFex)N2]} [17], and

Li>Sr[Lii-xFexN]2 [18] have been reported. Lio[(Lii-xFex)N] [15] and Li>Sr[Lii-xFexN]2 [18] have



remarkable magnetic anisotropy and coercivity, which are desired for functional magnetic
materials. Unlike the infinite N-(Li/Fe)-N chains, discrete N-(Li/Fe)-N linear blocks surrounded
by Ca ion were discovered in the newly synthesized Cas(Lii-xFex)Te2Ns [19,20], which
demonstrates the variety of possible coordination environments for the (Li/Fe)-N units.
Compared with their oxide counterparts, the growth and study of complex nitrides are difficult.
Elemental nitrogen usually forms the diatomic molecule N2 which has a strong covalent triple
bond. The transition from atomic N to a N3 anion needs to overcome a high energy barrier. Many
of the nitrides are metastable phases and easily decompose. On one hand, these issues contribute
to the challenge of synthesising nitride materials. On the other hand, this situation offers a vast
unexplored territory and creates excellent opportunities to discover new nitride materials with
interesting crystal structures and properties by developing suitable synthetic methods to overcome
these obstacles.

Tremendous efforts have been devoted to preparing nitrides by solid-state reaction [21],
ammonolysis [22], solid-state metathesis [23,24], vapour deposition [25], carbothermal reduction
[26], reactive sputtering [27], precursor decomposition [28], solvothermal process [29], and
solution growth [30,31]. The solution growth method utilises low melting point metals, such as
alkaline metals or alkaline earth metals, as flux, dissolves reactants and facilitates reactions by
attenuating the energy barrier for breaking the N-N bonding. Na, Li, and Ca flux have been
successfully used to grow GaN single crystal [32-37], as well as other nitrides [31]. As such, the
viability of alkaline metal and alkaline earth metal fluxes should definitely not be limited to the
single crystal growth of binary nitrides.

Nitrogen is highly soluble in Ca [38], which also has a moderately high melting point 842 °C. The

eutectic point of Ca-CasN: is determined to be at 1.94 at.% N and 814 °C [39]. As such, Ca-rich



flux is postulated to be a suitable solvent for the exploration of complex nitrides of calcium. Here
we report the discovery of an inversed Ruddlesden-Popper (RP) nitride Caz(Lii-xFex)Te2N2 with
x = 0.68(1) grown by Ca flux. It crystallises in the tetragonal space group 14/mmm and contains a
Li/Fe mixed site inside the cuboctahedral cavities defined by CasN octahedra.

2. Experimental section

Caz(Li1—xFex)Te2N2 single crystals were grown by the solution growth method out of Ca-rich flux.
Distilled Ca pieces (> 99.9%, Material Preparation Center (MPC), Ames Laboratory), lithium foil
(99.9%, Alfa Aesar), tellurium (99.999%, Alfa Aesar), iron (99.99%, Alfa Aesar), and CasN>
(99%, Alfa Aesar) were weighed in the molar ratios of Ca:Li:Te:Fe:CasN2 = 7:1:1:0.1:1 and put
inside a three-cap Ta crucible in an argon-filled glovebox [31]. The Ta crucible was sealed by arc
welding under argon and loaded into an amorphous silica ampoule, which was sealed under
roughly 0.2 atmosphere argon to prevent the oxidisation of Ta during the growth process. The
growth ampoule was heated over 3 hours to 450 °C, held for 3 hours to melt tellurium and to react
the elements, then heated over 12 hours to 1100 °C, held at this temperature for 4 hours, slowly
cooled to 875 °C over 74 hours, and finally the assembly was decanted in a centrifuge to separate
crystals from the remaining liquid. The Caz(Lii—«xFex)Tez2Nz crystals grow as rods with diameters
ranging from several tens microns to millimeters and of lengths up to 7 mm, see Fig. 1. Single
crystals of Caz(Lii—Fex)Te2N2 are very air sensitive and degrade within a few minutes in air.
Besides Caz(Lii-xFex)Te2N2, CaTe was found as a byproduct.

Small Caz(Lii—«xFex)Te2N2 pieces were selected under a microscope in a nitrogen-filled glovebox
and sealed in quartz capillaries. Single-crystal X-ray diffraction data were collected at room

temperature using a Bruker APEX 11 diffractometer equipped with a CCD area detector with Mo



Ka radiation. Refinements of the diffraction data were performed using the SHELXTL package
[40].

The chemical compositions of Caz(Lii-xFex)Te2N2 single crystals were determined using a Bruker
Aurora Elite Inductively Coupled Plasma Mass Spectrometer (ICP—-MS) without collision gas.
Samples were dissolved in 1% nitric acid, 1% hydrochloric acid solutions. The total mass of solute
ranged from 0.6 mg to 3.4 mg, with a final sample solution concentration of 500 ppb. The isotopes
analyzed were ‘Li*, #2Ca*, #*Ca*, /Ca*, °Fe*, °'Fe*, and 1%°Te". External calibration curves of net
signal vs. concentration were created using standard concentrations of 20, 200, and 2000 ppb. The
molar ratios of (Li+Fe)/Ca and Li/Fe were determined as 0.147 and 0.471, respectively. The
[(standard deviation/mean result) * 100] (%RSD) of the solution concentration in ppb for Li, Fe,
and Ca are 1.25, 0.08, and 0.79, respectively.

The isothermal magnetization of Caz(Li;—Fex)Te2N2 was measured as a function of magnetic
fields (up to £ 5 T) that were applied parallel and perpendicular to the rod at 5 K and 300 K. No
apparent magnetic anisotropy between the two measured directions was observed. The saturated
magnetic moments for both directions are about 0.02 ug/Fe, likely a result of impurity. We tried to
measure the resistance of Caz(Lii—Fex)Te2N2 crystals by multimeter or making contacts using
silver paint in the nitrogen-filled glovebox. In both cases, the resistance (sample and/or contacts)
was too large to be measured.

3. Results and discussion

The crystal structure was determined by a direct method in the tetragonal structure with space
group 14/mmm, in which the five independent metal sites were identified. Atomic assignments were
made on the basis of peak intensities and bond distances to neighboring atoms. Subsequent

difference Fourier map yield the N site. The final refinement with anisotropic displacement



parameters yielded a formula of Caz(Lio.321)Feo.6s1)) Te2N2. This proportion is consistent with the
chemical composition determined by ICP-MS, which yielded a molar ratio of (Li+Fe)/Ca~0.147.
Representative crystallographic data of the structural refinement are listed in Tables 1, 2, and 3.
As shown in Fig. 2(a), the structure of Caz(Lio.s2(1)Feo.6s(1)) Te2N2 manifest nitrogen centered Cas
octahedra, defined by four Cal atoms on the waist, and one Ca2 atom capping on the top and one
Ca3 capping on the bottom. The CasN octahedra are slightly distorted along c-axis, as indicated
by the bond distance of dy-c.2 = 2.325(3) A and dy-c.; = 2.495(3) A (see Table 3). These Ca-N
distances of 2.325(3) A, 2.4055(3) A (dy-cas), and 2.495(3) A are within the range of reported Ca-
N bond lengths for CasN2 (2.46 A), Ca11Ns (2.308-2.900 A), and Ca:N (2.4426(4) A) [41-43]. All
Cal and Ca3 atoms are shared by neighboring octahedra to form 2D perovskite-type ABXs slabs,
which are stacked along c-axis and separated by the more electronegative Te atoms. The Li/Fe
atoms are located at the centers of cuboctahedral cavities in the perovskite layers, shown in Fig.
3(a). The (Li/Fe)-Ca distances are 3.2930(4)-3.3859(1) A, within the range of Ca-Li and Ce-Fe
distances commonly observed in intermetallics, e.g., dca-Li = 3.672 A in Laves phase CaLi, [44]
and dca-re = 3.219(1) A in CaFe;Si [45]. The Te atoms in Caz(Lio.s2(1)Feo.es(1)) Te2N2 are located
between neighboring perovskites slabs; each has nine neighboring Ca atoms in its first
coordinating sphere, shown in Figure 3(b).

Simply judging from the formula of Caz(Lio.321)Feo.ss1)) Te2N2, the title 7-1-2-2 phase seems to
have a certain underpinned relationship with CasLio.ssFeos2Te2Ns [19], or in short, 6-1-2-3 phase.
However, their differences are remarkable: (1) there are two sets of N atoms in the 6-1-2-3
structure, one with octahedral coordination of six calcium atoms and the other with five calcium
and one Li/Fe atoms, as shown in Fig. 2(b). Noteworthy is that Fe in the 6-1-2-3 phase can be

considered as a cationic atom with a rare formal charge of +1 (d®s* configuration), as confirmed



by susceptibility data and theory calculations [19]. Yet the same is not true for the 7-1-2-2 phase,
which in fact is a metallic phase. (2) The Li/Fe-Li/Fe separation in the 6-1-2-3 phase is ¢/2 = 3.36
A [19]. However, each Li/Fe in the 6-1-2-3 structure has direct bonding interaction with two
electronegative N atoms with a distance of 1.86 A. This could yield Fe-N-Fe super-exchange
interactions as indicated by susceptibility data [19]. In contrast, Li/Fe in perovskite-type layer of
the 7-1-2-2 phase is surrounded by 12 Ca atoms and no direct Li/Fe-N bonding exists as the
separation is 4.7884(1) A. Therefore, this material likely does not show strong magnetic response
because of an expected electron delocalisation in the CasN(Li/Fe) perovskite slab with
intermetallic nature. In other words, the local region in the perovskite slabs is in fact dominated by
homoatomic Ca-Ca and heteroatomic Ca-Li/Fe metallic bonding interactions. Although
susceptibility and resistance data for Caz(Lio.32(1)Feo.s8(1)) Te2N2 are not available, metallic luster is
seen for the title crystals (cf. Figure 1).

In fact, the present 7-1-2-2 structure can be considered as the first member (n = 2) of an inverse
RP phase, with a general formula of Ax-1A2BnXan+1, here A = Li/Fe, A'=Te, B =N, and X = Ca.
This type structure features alternately stacking NaCl-type A'X slabs and the perovskite-type
ABX3 slabs along the long axis. With this formula in hand, a series of new phases in the same
system could be designed and to be synthesized by stoichiometric solid-state reactions, e.g.,
CasTezN (n = 1) and Caio(Li1—xFex)2TezNs (n = 3).

4. Conclusions

A novel inverse RP nitride Caz(Li1—Fex)Te2N2 with x = 0.68(1) was successfully grown from Ca
flux. The single-crystal XRD indicates that it crystallizes in the tetragonal space group 14/mmm

and contains Li/Fe ions located in cuboctahedral cavities in the perovskite-type layers formed by



CagN octahedra. This work demonstrates the viability of Ca flux to crystallize new complex nitride,
and predicts the existence of a series of new inversed RP phases in the title system.
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Table 1. Crystal structure data of Caz(Lio.32(1)Feo.s8(1)) Te2N2 obtained by structural refinement.

Empirical formula

Caz(Lio.32(1)Feo.68(1)) Te2N2

Space group, Z 14/mmm, 2
Unit cell (A) a=4.7884(1)
c =25.3723(4)
Vol. (A% V =581.76(3)
dear (9/cm?®) 3.448
Reflections collected/Rint 8804/0.0302
Data/restraints/parameters 308/0/20
Goodness-of-fit on F2 1.147
R1/WR2 [I>20(1)] 0.0118/0.0302
(all data) 0.0127/0.0305
Peak and hole (e.A®) 0.419/-0.517

14



Table 2. The refined atomic positions and equivalent isotropic displacement parameters for

Car(Lio.s2(1)Feoss()) Te2No.

Atom  Wyck.  Site S.O.F. Xy z Ueq (A?)
Te 4e 4mm 0 0 018451 0.013(2)
LilFe 2a 4/mmm  0.680/0.320(5) 00 0 0.007(1)
cal  8g 2mm 0 05 008912(1)  0.013(1)
Ca2 4e 4mm 0 O 0.3100(1) 0.017(1)
Ca3 2b 4/mmm 0 O 1/2 0.016(1)
N de 4mm 0 0  04017(1) 0.007(1)
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Table 3. Environments and bond distances around Te, Li/Fe, and N atoms in

Caz(Lio.321)Feo.s8(1)) Te2N2, and selected interatomic distances between Ca atoms.

Bond Distance ()  Bond Distance (A)  Bond Distance (A)

Te-Calx4  3.4032(5) Li/fFe-Calx 4  3.2930(4) N-Calx 4 2.4055(3)
Te-Ca2x1 3.1862(9) Li/Fe-Calx 4  3.2933(4) N-Ca2x1 2.325(3)
Te-Ca2x4  3.3888(1) Li/Fe-Ca3x 4  3.3859(1) N-Ca3x1 2.495(3)
Cal-Cal  3.3859(1) Cal-Ca2 3.5044(8) Cal-Ca3  3.2934(4)
Cal-Ca2 3.5040(8) Cal-Ca3  3.2930(4)
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Figure 1. Optical photograph of Caz(Lii-xFex)Te2N2 single crystals.

Figure 2. Crystal structures for (a) Caz(Lio.32(1)F€0.68(1)) Te2N2 and (b) CasLio.sgFeos2Te2Na.
Figure 3. Environments of (a) Li/Fe and (b) Te in Caz(Lio.321)Feo.68(2)) Te2N2. Large spheres denote
Ca atoms, with atomic sequence marked as given in Table 2. Small and middle spheres denote

Li/Fe and Te atoms, respectively. Representative bond distances are also marked.
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