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Abstract

The insulating transition metal nitride CagCrN3 consists of sheets of triangular
[CrN3]%~ units with Cs, symmetry that are connected via quasi-1D zig-zag chains. Due
to strong covalency between Cr and N, Cr3T ions are unusually low-spin, and S = 1/2.
Magnetic susceptibility measurements reveal dominant quasi-1D spin correlations with
very large nearest-neighbor antiferromagnetic exchange J = 340 K and yet no sign of
magnetic order down to T' = 0.1 K. Density functional theory calculations are used
to model the local electronic structure and the magnetic interactions, supporting the
low-spin assignment of Cr3* that is driven by strong 7 donation from the nitride ligands.
The surprising failure of interchain exchange to drive long-range magnetic order is
accounted for by the complex connectivity of the spin chain pairs that further frustrates
order. Our combined results establish CagCrNs as a nearly ideal manifestation of a
quantum spin chain whose dynamics remain unquenched down to extraordinarily low

temperatures despite strong near-neighbor exchange coupling.



Introduction

The discovery of new magnetic materials is of key importance to multiple fields, with
applications ranging from the discovery of ferromagnets for wind power and electric vehicles,
magnetoresistive materials for microelectronics and memory devices, and novel materials for
spintronic and quantum information applications. Many of the most well-studied magnetic
materials are transition metal oxide perovskites! and spinels,? owing to the wide array
of possible stoichiometries, doping, layering, and tunable magnetic ordering temperatures.
Ternary oxides without octahedral building units hosting the magnetic ions have also recently
gained interest for quantum information science applications, including spin-chain materials. **
Recent investigations have also focused on 2D halides,® van der Waals materials,® as well as
heteroanionic oxyhalides and oxyfluorides.”

Less explored are ternary magnetic nitrides, despite renewed interest in ternary main group
nitride semiconductors, e.g., CaSnN,,® MgSnN,,? CaGaNs,? and LizAIN,. ! Ternary nitrides
with transition metals have been synthesized using bulk synthetic methods (e.g. MgZrN, 12
and CaNiN!3) using high-pressure techniques (e.g. ProReNy, NdyReN, and CeyTaN, '), and
as thin films (e.g. MgTiNy, ZnMoNy, 6 ZnZrN,17 and LaWNj3, ). Compounds in this class
with unquenched local moments are rare, but when they do exist, they often exhibit complex
magnetism. For example the frustrated spinel MnTayN, exhibits helicoidal and spin-glass
behavior!® while the noncollinear antiferromagnet MnSiN, exhibits spin canting and polar
order?—both arising from the tetrahedral MnN, units and their connectivity with other
motifs to form an extended structure. Owing to the tendency for nitrido anions to form
multiple bonds, exhibiting both o and 7 bonding interactions,?! metal-rich ternary nitrides
exhibit unique structures, such as SrsCrNs,?? CagFeNs,23 and CazCrNjy,2* with uncommon
and low transition metal coordination environments and spin states. %2

Although hexagonal Sr3CrNj is a reported electride with nonmagnetic Cr sites,?? replacing
the alkali metal with Ca leads to an orthorhombic structure and a local moment forms on the

Cr site. This was first reported by Vennos et al.,?* demonstrating that CazCrN3 hosts Cr3*



ions in a planar triangular coordination of ligands. More recently, Cao et al. demonstrated
a reversible topochemical transformation of the orthorhombic CazCrNj3 into a hexagonal
antiperovskite phase CazCrN3H upon dehydrogenation/hydrogenation?” and identified the
nitride-hydride compound as a promising catalyst for ammonia synthesis.?® Without hydride
incorporation, which occurs for syntheses in a hydrogen atmosphere at temperatures above
670 K,%” CazCrN3 represents the first solid-state example of Cr** ions in a low-spin (S = 1/2)
state.

The structure comprises planar [CrN3]®~ triangular units arranged in sheets and oriented
in the same direction within the ab-plane, stacked along the c-axis, and with divalent Ca
ions interspersed isolating the triangles. While the Cr-Cr distances are 4.73 A, suggest-
ing an overall weak magnetic exchange coupling between ions, a high-temperature, broad
maximum in the magnetic susceptibility data was reported for CasCrNs,?* indicative of
short-ranged antiferromagnetic exchange interactions in reduced dimensions. This feature
matches the expected susceptibility behavior of a S = 1/2 one-dimensional (1D) Heisenberg
spin chain;?® however the exchange pathways generating this behavior and the mechanism
for the dimensional confinement of the S = 1/2 Cr moments remain open questions.

Formally, long-range order is precluded from forming along Heisenberg S = 1/2 antifer-
romagnetic spin chains in lieu of spinon fluctuations; however, in real materials, S = 1/2
spin chains regularly exhibit long-range magnetic order at low temperatures (T4r) due to

3031 Specifically,

interchain magnetic exchange pathways and anisotropies that stabilize order.
as nearest neighbor (intrachain) antiferromagnetic exchange increases relative to competing
effects, the gapless spin liquid quantum ground state of the S = 1/2 1D antiferromagnetic
(AFM) model? can be approached more closely—we dub these instances as highly quantum
spin chains. In this regime, the fractionalized dynamics of the spin liquid state can drive a
host of unusual phenomena.?3 3% The potential for enhanced magnetic exchange interactions

in magnetic nitrides is a promising way of accessing this quantum regime in real materials,

and, while AFM spin chains are well studied in oxides,3” they have yet to be extensively



studied in nitrides.

Here we examine the magnetic and electronic properties of CazCrN3 down to low tem-
peratures to assess whether it embodies the necessary ingredients for quantum magnetism:
strong intrachain interactions, weak effective interchain interactions, and low-dimensionality
with S = 1/2 ions. We employ a combination of AC susceptibility measurements, powder
neutron diffraction studies, and electronic structure calculations to interrogate the ground
state of this compound, and our results confirm that Cr** adopts a low-spin configuration
and neither shows long-range magnetic order nor spin-freezing down to 100 mK. Our data
reveal strong intrachain (J) antiferromagnetic exchange interactions of 340 K, deduced from
magnetic susceptibility measurements, which are consistent with our density functional theory
calculations that also find a weakly dispersing “flat” valence band. A model is presented for
the origin of the strong intrachain exchange which involves the strong m bonding character
of terminal N3~ anions and a Ca-mediated superexchange pathway via quasi-1D zig-zag
chains of [CrN3]® units. The interchain interactions are weaker and multiple, competing
interchain pathways are identified along the complex Cr-Cr network that further frustrate
long-range order. The convergence of these features make orthorhombic CazCrN3 a highly
quantum spin chain compound with uncommon Cr3* S = 1/2 moments that are quantum
fluctuation dominated and an extraordinarily high reported J/T4r ratio, a record for spin

chain materials to the best of our knowledge.

Methods

Synthesis of CasCrN;

Polycrystalline samples of CagCrN3 were prepared from CagNy (Fisher Scientific, 99%) and
CrN/CryN (Fisher Scientific, 99%) in a high-temperature reaction. The starting materials
were mixed in a Ca:Cr ratio of 3:1, intimately ground and pelletized. The pellets were then

wrapped in molybdenum foil (Fisher Scientific) 99.95% and placed in 3/4-inch smooth-bore



316 stainless steel tubing (McMaster-Carr 89785K859). The molybdenum foil prevents
reaction of the compound with the steel tube. The tubes were closed using stainless steel end
caps (McMaster-Carr 5182K695). These steps were conducted within a glovebox filled with
argon, ensuring the samples were sealed in tubes under an argon atmosphere to minimize
any hydrogen uptake. The stainless steel tubes were placed in a high-temperature furnace
and heated under argon for ¢t =96 h at T" = 1350 °C. The samples were then slowly cooled
at a rate of 60 K/hr to T'= 1050 °C and subsequently furnace-cooled to room temperature.

This procedure resulted in air-sensitive samples with high crystallinity.

Structural Characterization

The sample quality and purity was verified by powder X-ray diffraction (XRD) using a Pana-
lytical Empyrean powder diffractometer operating with Cu-K,, radiation in Bragg-Brentano
geometry. Kapton foil was used to prevent air exposure of the samples. Powder neutron
diffraction data were collected on the HB-2A beam line at the High Flux Isotope Reactor
(HFIR), Oak Ridge National Laboratory. A Ge(113) monochromator and a wavelength of
A = 2.409 A was used, and diffraction data were collected at temperatures of 1.5 K, 150 K,
and 250 K. Rietveld refinements of the neutron diffraction data were carried out using using
the FullProf program.3® Crystallographic resulting from these refinements are provided in

the Supporting Information (SI).

Magnetic Measurements

DC magnetization measurements were performed between T'= 2 — 400 K using a Quantum
Design MPMS3 SQUID vibrating sample magnetometer. Powder with a mass of m = 5 mg
was measured in a polypropylene capsule. DC magnetization data were collected under

1 Tsothermal

a constant magnetic field while sweeping temperature at a rate of 7 K min~
magnetization data were collected via five-branch hysteresis loops between H = —7 T and

H=7TatT =2Kand at T = 300 K using a field ramp rate of 10 mT s~!. AC susceptibility



measurements between 7' = 0.1 K and 7' = 4 K were performed using a Quantum Design
14 T Dynacool physical property measurement system (PPMS) with a 3He/*He dilution

refrigerator insert.

First-Principles Calculations

Density functional theory (DFT) calculations were performed using the Quantum Espresso
code version 6.7 Max,* using the Perdew-Burke-Erzerhof (PBE) exchange-correlation func-
tional,**4! including the simplified DFT+U formalism*? with an applied U = 2 ¢V on the Cr
3d manifold. Our planewave DFT simulations employed a 404 eV planewave cutoff, a 5442 eV
density cutoff, and were performed with ultrasoft pseudopotentials from the GBRV reposi-
tory* and a total energy convergence criteria of 70 ueV A~'. We sampled the Brillouin zone
using a 5 X 4 X 6 k-point mesh and performed integrations with Gaussian smearing of 0.054 V.
The cell volume and atomic positions were relaxed until the forces were less than 50 meV A=,
We used a mean-field approach to compute the interchain and intrachain constants. The
total energies of different spin configurations were computed, and we mapped these onto a
simplified spin Hamiltonian.***® Energetics of the spin configurations are provided in Figures
S1-3 of the SI. PBE+U results for 0 < U < 3¢V are compared to those obtained from the

r?’SCAN functional, along with the metaGGA calculations details, in Figure S4 of the SI.

Experimental Results

Crystal structure

Figure 1 shows the crystallographic structures of the cubic nitride CazNy and the orthorhombic
ternary nitride CazCrN3. CagNy comprises CaNy units that form distorted tetrahedra in an
edge-sharing network. The structure of CagCrNy (Figure 1b) may be related to CazNy by
introducing Cr3* ions that break up the network into lower dimensional fragments, creating

chains of 2 x 1 rock salt-type CaN cubes along the [001] direction and [CrN3]®~ units in (001)
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Figure 1: Crystal structures of the cubic nitride CazN, (space group la3) and of the
orthorhombic nitride CazCrNj3 (space group C'mem). (a) View along the ¢ axis of CazNs.
The structure comprises an edge-sharing network of distorted CaNy tetrahedra. (b) View
along the ¢ axis of CagCrN3. 2 x 1 rock salt-type CaN chains are separated by complex
triangular nitridochromate [CrN3]®~ ions. (C) View along the a axis of CagCrN3 shows the
sheet-like nature of the [CrN3|® units on (001) planes with ABAB stacking along c.

planes. Alternatively, the CaN, tetrahedra in CagNy transform into CaNy units with square
pyramidal coordination and edge-sharing connectivity.

The lower dimensional structure compared to cubic CazNs, with more directional covalent
bonding (Ca-N bonds from 2.44-2.49 A), leads to a broader distribution of Ca-N bond distances
in CagCrN3 as the alkali earth donates its electrons to the complex nitridochromate fragment.
The anionic framework of the nitridometalate comprises isolated planar triangular [CrN3]%~
units with Cs, point symmetry, embedded in between the rock salt chains with alternating
orientations (ABAB stacking along ¢). The three nitrido ligands belong to different Wyckoff
sites: N1 (4¢) and N2 (8¢) in the standard C'mem setting (space group 63).

The crystal structure of CagCrN3 was measured via neutron powder diffraction at a variety
of temperatures with the data and fits shown in Figure 2. Rietveld analysis performed on
neutron diffraction data collected at T'= 1.5 K reveals that, while the pattern is dominated
by the crystallographic reflections of CagCrNg, traces of CasN (product from the synthesis
reaction) and decomposition products that were not immediately present after the synthesis
reaction also appear (Figure 2a). We speculate that the sample was exposed to some level of
oxygen or moisture during loading into the aluminum sample holder at the beam line. The

additional, weak peaks in the pattern can be best attributed to decomposition products CaO



(a) I T T T ! T T

T=15K
— fit

diff.
1 C33CrN3

1 | 1 1 h} Ionorrmmr me 1 I I menn

— T=250K
T=150K
14— T=15K

by [T T T T 1

e i Maaadid

2
0 3

| I JM%&@/\J%L ) w}w?%wﬂdj\"&

A “L. |

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
QA

Figure 2: (a) Powder neutron diffraction at 7= 1.5 K and Rietveld fit including the CazCrN3
crystallographic phase, Al from the low-temperature sample holder, and the impurities CaO
(1.7%), CasN (1.2%), and CrN (8%). (b) Powder neutron diffraction data and Rietveld fits
at T=250 K, T=150 K, and T = 1.5 K.

(1.7%) and a second, unidentified phase. This second impurity can be modeled as CrOg g7
crystallizing in a rock salt defect structure,*® though the difficulty of synthesizing Cr?* under
ambient conditions suggest CrN and other unknown oxynitride phases may instead account
for the remaining, weak unindexed peaks in the pattern. Notably, the samples used in
the susceptibility measurements discussed later showed no sign of chromium oxide or other
oxynitride impurities in powder X-ray diffraction (XRD) measurements.

The 1.5 K refined crystal structure and density functional theory (DFT) relaxed structures
are in good agreement. Although the DFT volume is approximately 6 % smaller than the
observed structure, the local structure is reproduced well. Both structures exhibit long

Cr-N1 and short Cr-N2 bond lengths: 1.86 A (experiment), 1.76 A (DFT) and 1.83A, 1.76 A,



respectively, which are shorter than other amido complexes and indicative of the so-called

4748 (Full structural details are provided

double-faced m-donor character of the nitride ligand.
in the SI.) This asymmetry distorts the N-Cr-N bond angles away from the ideal equilateral
triangle of 120°, leading to N1-Cr-N2 and N2-Cr-N2 bond angles of 112.6, 134.9° (experiment)
and 112.1, 135.8° (DFT), respectively. It further leads to a range of Ca-N distances in the
structure, varying from 2.38 to 2.72 (experiment) and 2.34 to 2.68 A (DFT), with the shortest
distances between Ca and N1, directed along the b-axis. Figure lc reveals the sheet-like
nature of the [CrN3]%~ units along the c-axis. Neighboring sheets are displaced by %b and
rotated in a two-fold fashion around c. This creates a zig-zag arrangement of the CrN3 units
along the c-axis, and leads to long Cr-Cr distances in the structure, i.e., the shortest Cr-Cr
distance is 4.72 A (experiment) and 4.86 A (DFT) between layers.

Figure 2b shows the measured neutron diffraction patterns collected at T" = 250 K,
T =150 K, and T'= 1.5 K and their corresponding Rietveld fits using the above-described
phases. The results are shown in Table 1 at all three temperatures, confirming that the neutron
data is fully described by the crystallographic phases alone. No significant crystallographic
changes are observed between 7' = 250 K and T" = 1.5 K, except for minor changes in the cell
volume from thermal expansion (0.4% in this regime). No additional magnetic peaks appear
down to 1.5 K, suggestive of an absence of long-range magnetic order within the typical
resolution of powder measurements of ~ 0.5 up. To investigate the magnetic properties and

ground state further, low temperature magnetization measurements were performed.

Magnetic properties

Temperature-dependent magnetic susceptibility measurements reveal a broad feature centered
at T ~ 220 K and a Curie-like tail at lower temperatures (Figure 3a). The susceptibility data

1.,2* which was carried out from T = 30 K

qualitatively resemble that reported by Vennos et a
to 760 K and also showed the onset of Curie tail at low temperatures. In the temperature range

explored (below 400 K), we were unable to extract a high-7" local moment as Curie-Weiss fits
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Table 1: Rietveld refinement data for PND data. Lattice parameters a, b, ¢, unit
cell volume V, and R factors R, and Rey.

Space group Cmem
T (K) 1.5 150 250
a (A) 8.493 8.498  8.503
b (A) 10.265 10.272 10.284
¢ (A) 5.027  5.029  5.034
a, B,y (°) 90 90 90
V (A% 43826 438.99 440.20
Rup 156 127 106
Rexp 2.10 213 217

are only valid in a temperature regime of no or very low spin-spin correlation (Figure 3a);
however, earlier measurements up to 700 K extracted a local moment of 1.86 g per Cr.*

The broad maximum is often characteristic of low-dimensional spin systems and indicates
a crossover from a paramagnetic state into a short-range ordered antiferromagnetic state. The
structurally similar S = 1/2 1D spin chain compound NaCuyO, exhibits a similarly broad
feature centered around T' = 52 K, for example.*® As we will show next, the susceptibility
data can indeed be modeled using a quasi-1D magnetic framework.

To analyze the broad peak in the magnetic susceptibility, the susceptibility data were fit
using the combined contributions from a dilute paramagnetic impurity (Xcurie), & temperature
independent Van Vleck term (xo), and a Bonner-Fisher type interaction term (x1p(7"))
accounting for short-range spin correlations. The fit form was x(T') = Xcurie(T) + X0+ Xx10(T).

51,52

For the Bonner-Fisher term,® the polynomial approximation was used for the high-

temperature spin susceptibility of a quasi-1D spin system with S = 1/2 as

(T) = Ng?u3 0.25 + 0.074965T + 0.0752361"
D kT 1+0.9931T + 0.172135'2 + 0.757825I'3

where N, g, and kg are the number of spins, the electron g-factor, and Boltzmann constant,
respectively, with I' = J/kgT, and N = N4, where N4 is Avogadro’s number as there is a

single Cr3* ion in the asymmetric unit cell.
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Figure 3: (a) Low-temperature susceptibility measured at an applied field of H = 0.1 T
showing a Curie tail and a broad anomaly centered around 7" = 220 K. The data was
collected using a field-cooled warming (FCW) procedure. A Curie fit allows us to extract
the anomaly signal, which is then fit using the Bonner-Fisher model with J = 340 K. (b)
Magnetic moment p as a function of the applied magnetic field H at T'= 300 K and 7" = 2 K.

(¢) Temperature-dependent real component of the AC susceptibility x/'(7") under varying
AC-drive fields.

The combined fit is shown in Figure 3(a). The low temperature Curie tail fits to a small
local moment value of 0.26 up per Cr ion and can be attributed to a small paramagnetic
impurity fraction, either within the starting reagents or trace contamination from the
molybdenum foil used during the synthesis. The temperature-independent Van Vleck term
fits to xo = 5.1 x 10~* emu mole~! Oe~! and the yip term reveals a large intrachain exchange
constant of J = 340 K. The y, Van Vleck term is reasonably large for an insulator but not
without precedent in small gap compounds such as NaRuO,®® and of the same order as some
larger gap compounds such as Cr,O3°* and V,05.%°

To better illustrate the x1p contribution to the data, the small impurity Curie contribution
was subtracted from the data and the peak region is overplotted in Figure 3(a). It is
worth noting that this fit does not account for multiple extended or competing exchange
pathways along or between the chains. Instead, the obtained J value represents a minimal
parameterization of the strength of nearest neighbor magnetic interactions leading to the
low-dimensional, short-range correlations. The physical description of the exchange pathway
mediating this J is discussed below. Alternative models of the peak in x(7') based on

single-ion effects such as interconfiguration valence fluctuations born from a fluctuating
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spin-state transition fail to describe the data.®® Given the Cr-Cr distance, the extracted
exchange coupling is quite large compared to other known oxide spin chains with S = 1/2
and comparable cation separations, such as BaCoyV,0g with J = 65 K°7 and NaCu,O, with
J=285K.™®

Looking further at the magnetic behavior of CazgCrN3, Figure 3b shows the isothermal
magnetization at a variety of temperatures. The linear response at 7' = 300 K evolves
upon cooling toward T = 2 K, where low-field curvature can again be attributed to the
small magnetic impurity observed in the temperature-dependent susceptibility data. This
impurity is best modeled via a Brillouin function fit with S = 2 and a 0.36% molar fraction
of impurity moments combined with the linear bulk contribution (Van Vleck plus exchange
bound moments) as shown via the fit in the figure. This impurity fraction is consistent with
the perp value extracted from the Curie term in the x(7") data, which translates to a 0.31%
molar fraction of S = 2 moments.

Looking at lower temperatures, Figure 3c plots AC susceptibility data measured down
to T'= 0.1 K. The real part of the AC susceptibility x’ shows no signatures of a magnetic
transition /freezing or frequency dependence between the AC drive frequencies of f = 524 Hz
and f = 9984 Hz. These data exclude low-temperature long-range spin ordering or spin
freezing in CazCrN3 above 100 mK. The ratio of J/Tsr > 3400 in CazgCrNj is surprisingly
large relative to other reported quantum spin chains. The cuprate chains SroCuOj3 and
SrCuQ, exhibit the largest known ratios of J/Tapr ~5563058°0 and of J/Typ ~1733%1°63
in spin chain materials to the best of our knowledge. Other previously studied spin chain
compounds show significantly lower J/Tr ratios of ~ 7 in NaCuy05% and J /Tap ~ 12 in

BaC02V2 Og . 57
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Theoretical Model and Results

Electronic Structure

To better understand the magnetic exchange in this compound, we performed electronic struc-
ture calculations on multiple magnetic configurations to identify the ground state collinear
spin order within DFT. The lowest energy spin configuration corresponds to an antiferromag-
netic state (AFM1). Spins on CrNj units within an (001) plane are ferromagnetically aligned
while adjacent planes couple antiferromagnetically (Figure S1). As we show below, this
configuration is equivalently described as zig-zag chains, comprising CrNj triangles running
along ¢, with antiferromagnetic coupling within the chain and ferromagnetic coupling between
chains. The next lowest energy magnetic configuration AFM2 is 1 meV /f.u. higher in energy
and exhibits antiferromagnetic coupling of nearest neighbor Cr®* ions along all directions. The
fully polarized state with all ferromagnetic interactions is much higher in energy (-19 meV /f.u
meV /fu.), has a local moment of 1.00 up and is metallic. The projected local magnetic
moments and calculated band gaps for the AFM1 and AFM2 structures are almost the same:
m(Cr, AFM1) = 0.97 ug (m(Cr, AFM2) = 0.98 1) and ESFM! = 0.29 eV (EXM? = 0.41 eV).
The band gap dependence on the plus U correction shows that electron-electron interactions
beyond those captured by PBE are necessary to open a band gap (Figure S4), i.e., CagCrN;
is semiconducting for 0 < U < 3eV. All values agree with the S = 1/2 state and the black

appearance of CazCrNj.

Chemical Bonding

Figure 4 shows the spin-polarized electronic structure of CagCrN3 with the AFM1 configura-
tion and the PBE+U relaxed crystal structure. The band structure (Figure 4a) and atom
projected density of states (DOS, Figure 4b) show that there are three main groups of states
in the valence band with different bandwidths and varying degrees of orbital hybridization.

Well below the Fermi level, from —5¢eV to —3eV, we find strong Cr 3d — N 2p o-bonding

14
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Figure 4: Spin-polarized (a) electronic band structure and (b) density of states (DOS) of
Ca3CrN3. N1 denotes the nitrogen site contributing to the exchange pathway in Figure 5.
N2 corresponds to the nitrido ligands facing away from the chain. (b) Two-dimensional ELF
plot in the (001) plane shows perturbations to the spherical bonding environment of the
nitrido ligands. (c¢) Orbital wavefunctions in real space at the I' point contributing to the
described exchange pathway involving Cr d,., N 2p., and Ca d,. orbitals.
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interactions, and large delocalization of the electronic states about the [CrN3)®~ unit (Figure
S5). This can be understood as exploiting the sp?(z,y) hybridization within the N3 plane (or
suitably symmetry adapted molecular orbitals of N 2p with Cs, symmetry). From approxi-
mately —3 to —2 eV, we find additional strong intersite N 2p hybridization, which is also
evident in the electron localization function (ELF) calculations (Figure 4c). Then from —2.5
to —1.5 eV, there is appreciable hybridization of N1 2p, orbitals (oriented perpendicular to
the triangular N3 plane) with Ca 3d states, which is similar to the covalency found in cubic
CasN,. 64

The filled antibonding Cr 3d states span from -1.5 —-0.5 eV. The majority and minority spin
d,2_,2 T orbitals (a; symmetry) are filled first followed by the majority spin Cr d,,, orbitals
(by symmetry) hybridized with N 2p, and Ca 3d states. This electron filling and distribution
of states can be understood by recognizing that the bonding in the nitridometalate® occurs
between a strong covalent and complex anion, i.e., [CrN3]%~, and a charged balancing
electropositive alkaline earth metal. Because the coordinating nitrido ligands atoms are
strong m-donors, in comparison to oxo-ligands, they stabilize the Cr3 low-spin S = 1/2 state
within the planar isosceles [CrN3]%~. The Cr®*" ions (d* electronic configuration) adopt the
a3b} electronic configuration (in standard setting for Cy, symmetry).

The low-energy d,.-derived band uniquely exhibits low dispersion (~ 0.5eV, Figure 4a)
throughout most of the Brillouin zone (BZ) owing to N 2p, 7* antibonding interaction. The
empty N2 2p, orbital participates in dm — pr backbonding® with the Cr transition metal.
This charge transfer and double bond formation makes ternary nitrides distinct from binary
main group nitrides.%” The interaction increases the band dispersions from I' — Z in the BZ
(Figure 4a) but there remains isolated and narrow flat bands close to the Fermi level. Such

68,69 and

electronic structures are of interest for realizing a range of quantum phenomena
its existence in CagCrNg suggests strong electron-electron interactions within this manifold
coexist with strong covalent metal-ligand interactions within the anionic unit. All other Cr d

orbitals are unoccupied in the conduction band.
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The differences between the two nitrogen sites shown in Figure 4b are more apparent
in the (ELF) calculations, where we find nitrogen site N1 (approximately four coordinate)
and N2 (three coordinate) exhibit different chemical bonding environments. The ELF basin
about N1 exhibits high electron localization in the (001) plane and a distorted square shape.
It is puckered along the Cr-N1 bond, while more covalent interactions are found in the region
between Ca and N1 (moderate ELF values). This leads to a longer Cr-N1 bond and shorter
Ca-N1 bond length that allows the hybridization shown in the PDOS in the low-energy
region. Physically, the larger 7 delocalization from the nitrido ligands permits the N1 2p,
orbital interaction with the adjacent calcium cation (Cal) in the next layer, as shown in the
real-space wavefunction projection (Figure 4c). As a result, we identify a quasi-1D zig-zag
chain network in CazCrNj (Figure 5a), which we show below is critical to mediating the
magnetic exchange path. (Ca2 does not participate in the magnetic exchange pathway:.)
Figure 4d shows that the N 2p, orbital transfers electron density into the nominally empty
Ca d,, orbitals through both ¢ and 7 interactions.

The N2 environment is more asymmetric. Although exhibiting similar bonding interactions,
N2 exhibits stronger double bond character (one ¢ and one 7 bond) with Cr, leading to the
shorter Cr-N2 bond lengths (compared to the Cr-N1 distance) and more ionic interactions
with Ca (lower ELF values, longer Ca-N2 distances). This bonding results in nominally one

electron lone pair localized in the puckered region of the ELF basin between Cr and N2.

Exchange Interactions

We examine several physical exchange paths involving relevant interatomic distances to
identify the microscopic origin of the large, measured J = 340 K value. First, the shortest Cr—
Cr distance in the compound is 4.73 A, which eliminates direct exchange as a possible origin.
Next, common symmetric superexchange (SE) involves main group ligands L coordinating
transition metals M in an extended network. Here Cr—N—Cr SE paths are disconnected,

which suggests that typical SE is not dominant. Super-superexchange (SSE) involves an
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C@;\) 3.578 A

Figure 5: Zig-zag spin-chain motif in CagCrNj. (a) Super-superexchange pathway through
diamagnetic calcium (Cr—N---Ca---N—Cr) creates a quasi-1D spin chain utilizing the N1
nitrogen site. (b) Orbitals participating in the SSE and the corresponding bonding interactions.
(¢) The through space SSE Cr—N- .- N—Cr pathway, highlighting that the long N—N distance
3.578 A, exceeds that required for orbital overlap.

M-L--- L-M path. Although less common in three-dimensional complex oxides, its strength
can be larger than the SE interaction.”®™ SSE could occur in CasCrNjy either through
space along a Cr — N --- N — Cr path or alternatively mediated by diamagnetic calcium as
Cr—N-.-Ca---N — Cr (Figure 5a,b). Through-space interactions have been reported in
materials with oxoanions such as phosphates,” and in Ca3CrN; would occur through the
nitrogen anions.

To address the through space SSE interaction, we determined the shortest N-N distance
in the structure is dy_nx =3.578 A (Figure 5c), which is longer than the sum of the van
der Waals radii of the nitrogen atoms (3.1 A). As a result, no direct N 2p orbital overlap
occurs and the through-space interaction is unlikely. Alternatively, the Ca-mediated SSE
path may be active given the large wavefunction extent (Figure 4c) and orbital hybridization
(Figure 4b). The experimental Cal-N1 distance is dc,—n = 2.383 A within the (001) plane.
This distance is shorter than the shortest Ca-N distance in the binary nitride CasNy of
2.457 A.™ The short distance in combination with the nitrogen 7 delocalization allows the
hybridized Cr d,, — N 2p, orbitals to 7 bond with the adjacent Ca®" ions, occupying the 4c
Wyckoff position, in a single (001) plane.

Although the Ca d,. interaction with the N 2p, orbital in the next plane should be
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Table 2: Atom distances, angles, and orbital interactions in spin chain exchange
pathway.

Atom Cr N Ca N Cr
Interaction T o T T

Spin Up Down
Orbital dy, Dy dys, Dy dy,
Distance (A) 1.860 2.383 2.519 1.860

Angle (°) 93.83 93.83

nonbonding, the transverse bond has some o character as the N is displaced along ¢ away
from the center of mass of the Ca atom. This is discernible as a deviation from 90° in the
N — Ca — N path (Table 2). Thus, electron density is transferred into the nominally empty
Ca d,, orbital (Figure 4d) via both o and 7 interactions with nearest neighbor nitride anions.
Therefore, the SSE occurs through the diamagnetic cation in a through-bond interaction
rather than a N---N (through space interaction). Since the Cr — N-.-N — Cr is a weak
exchange, the corresponding Cr — N---Ca--- N — Cr becomes strongly AFM. Note that the
strong stabilization of the AFM1 state compared to the FM state can be understood as due
to spin-assisted covalency™ in the SSE pathway. The AFM1 state permits the Ca d,, — N1
2p. hybridization while this interaction is absent in the FM state; however, there is a minor
through space N-N bonding in the FM spin configuration even at distance of 3.53 A within
the DFT relaxed structure.

Figure 5b highlights the orbitals and interactions that create the SSE pathway, while
Table 2 summarizes the distances between atomic pairs. It is important to note that Ca2 ions
occupying the 8g Wyckoff position do not participate in the magnetic exchange mechanism,
isolating the described pathway and creating the zig-zag spin chains. To the best of our
knowledge, there are few reports in all inorganic compounds of SSE through diamagnetic
ions; one example includes iron-based chalcohalides.™ Thus, the nominally long exchange
path can be reconciled by recognizing that CasCrNjy is a transition metal nitridometallate

and that the complex [CrN3)®~ anion is charged balanced by cationic Ca®T. Although a
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chemical point of view would purport complex electron transfer to the anion, our simulations
support that the interactions with Ca are not fully ionic. The effective superexchange may be
interpreted as a standard L-M-L path via a complex ligand L = [CrN3| with the N3~ ions
also polarized (~0.05 pp), forming the [CrN3]-Ca—[CrN3] path. In this case, the ligand carries
the spin density and the cation is the bridge between two neighboring moments. Recently,
2D metal-chlorinate frameworks have been reported with unpaired S = 1/2 electron density
on the ligands with main group diamagnetic metals mediating the magnetic exchange.™ This
highlights the importance of understanding magnetic exchange not just as local spins — even
when the spins are in fact very localized within a band dispersion picture — but as the result of
3D wavefunctions with spatial extent.”” This finding motivates using chemical substitutions
(chemical pressure) or applying hydrostatic pressure to tune the orbital hybridization and
strength of the orbital interactions in CazCrNj.

Our detailed analysis of the exchange mechanism (see SI for derivation of the exchange
constant) explains the antiferromagnetic ordering along the 1D zig-zag chain in CazCrNj.
Standard SE, also known as the Kramers-Anderson superexchange, ™™ treats the exchange
coupling between two magnetic ions mediated by an anion, often O?~, with a filled p manifold.
Examples are transition metal oxides, where hopping occurs between transition metals M
with d" (n > 0) electronic configurations and ligands L with occupied oxygen 2p°® orbitals.
This leads to an effective superexchange

o 11
P 1
N (W <U+U—|—A> W)

where A is the energy difference between the metal d level and the occupied intermediate
ligand p level and U is the Coulomb matrix element for electrons on the same M d site.

In contrast, the L-M-L superexchange mechanism describing the [CrN3]-Ca—~[CrNj] chains
is very different: (1) the exchange is between two ligands, not two metals; (2) the two

ligands are separated by a metal cation, not an anion; and (3) hopping occurs between the
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complex ligand and the unoccupied cation d orbitals, not occupied anion p orbitals. Following
a similar procedure described elsewhere,® we derived an effective SE interaction for this
unconventional L-M-L path:

2wt /1 9
S e — 9
Jeae A2 <U+ Ud+2A) 2)

The form for the effective exchange slightly differs from the standard SE given in Equation 1.
Here, A is the charge transfer energy, i.e., energy difference between the bridging metal d
level and the level of the ligand state. U; and U are the Coulomb matrix elements on the
bridging cation site and the ligand sites, respectively. Because the intermediate d states are
formally unoccupied while the ligand states are occupied, A takes a positive value. This
further leads to a negative exchange parameter Jy,r, favoring antiferromagnetic ordering
within the chain. We note for CagCrN3 that we have simplified Eq. 1 and it requires minor
modification to account for the alternating o and 7 bonding as hopping between [CrN3] and
Ca is not symmetric. Since these parameters come in pairs in the Hamiltonian, they do
not change the sign of the exchange. So as long as the unoccupied Ca-d states are higher
in energy than the [CrN3|®~ states, which is the case here, Jryr > 0, and accounts for the
observed antiferromagnetic coupling along spin chain.

Having identified the zig-zag chain shown in Figure ba as the dominant exchange path, we
calculated the magnetic exchange coupling constant J with DFT from energy differences of
various magnetic spin configurations, shown in Figure S1, to the following quadratic effective
spin Hamiltonian

H = — Z ngSz . Sj = — ZJijJijSQO'iO'j
ij

(]
where S = 1/2 is the total spin of the ion and o; take values of £1. We found the
intrachain antiferromagnetic coupling is of the order of J = —19 meV (220 K). This result
is in good agreement with the experimentally determined coupling constant of J = 340 K.

We additionally identified weak antiferromagnetic interchain interactions on the order of
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J =1—2meV that are competing with each other due to the pseudohexagonal geometry of
the CrN3 network (Figure S3). The dependence of our calculated J values with U show weak
dispersion with the Hubbard correction (Figure S4). The weak FM interactions arise from a
change in the bonding character from one Cr to its nearest neighbor, i.e., an excited state in
which the Cr neighbors along the c-axis are antiferromagnetically coupled does not lead to
energetic splitting between the bonding-antibonding d,.-derived bands at the I' point within
the same spin channel. The low energy scale and complex Cr—Cr connectivity (Figure S6)
are therefore insufficient to establish macroscopic magnetic ordering among the chains. This
confirms our picture of short-range antiferromagnetic order within the chains, identifying

Ca3CrNj as a quasi-1D spin chain system.

Conclusions

We synthesized CazCrN3 and examined its magnetic behavior using magnetization, suscepti-
bility, and powder neutron diffraction measurements. A Cr-N- .- Ca--- N-Cr superexchange
pathway is identified, creating zig-zag spin chains parallel to the crystallographic c—axis.
Consistent with this model, susceptibility data show a high-temperature, broad feature
consistent with the onset of quasi-1D antiferromagnetic correlations in this S = 1/2 Cr?*
compound. Despite the large Cr—Cr distance of 4.73 A, a strong intrachain exchange constant
of J = 340 K is extracted. The surprisingly strong interaction strength arises as the result of
the hybridization within the [CrN3]°~ units (Cr 3d,z and N 2p, 7 bonding) and covalency
with Ca d,, orbitals. This behavior is a consequence of the chemistry of nitridometallates
with early transition metals, and positions them at a boundary where strong local correlations
and itinerancy coexist. Strikingly, low temperature AC susceptibility measurements exclude
macroscopic magnetic ordering to temperatures as low as 7' = 0.1 K, making this compound
a model quantum spin chain material, where the ratio J/T4r > 3400 is extraordinary among

materials known to us. Slight anisotropies in the exchange, for instance, are known to drive
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long-range order in antiferromagnetic quantum spin chains.®!# Similarly, extended exchange

interactions are known to drive local order,? 8"

and even weak interchain coupling results in
long-range antiferromagnetism® 2 The absence of such order or freezing makes CazCrN3 a
near ideal testbed for probing fractionalized, spinon excitations sought for potential far-term
quantum computing and spintronic applications and establishes magnetic nitrides as an
exciting new frontier for quantum magnetism. In conclusion, we identify Caz3CrNj as a
highly quantum spin chain compound where nitrogen-mediated superexchange creates large

magnetic coupling within the chains, supporting antiferromagnetic short-range order, while

the weak interchain coupling is frustrated from driving long-range magnetic order.
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1 Magnetic Spin Configurations

0 o Q 0 0O o 9? o O
o d o O © Q o O o b )
0.0 O ouU. o o o0
Q (‘W1 meVQ‘
o o 0. ) o 0 ()
J=-19meV
o 0 o0 O
h T Iy
& o/ 6N\ fo "0 © b o
G
o \q&, o\ 0 /o N o 0O o Q 0
/, 6
b (7 0 o 8] o

Figure S1: Crystal structure of Ca3CrN3 in the ab-plane. J = —19 meV is the dominating spin-chain
exchange pathway. J, = 1 meV and J, = 2 meV are exchange pathways between chains showing
significantly weaker coupling.

We obtain J, by taking energy differences between magnetic configurations such that a single
magnetic coupling interaction changes. Using the magnetic configurations for a single unit cell
in Figure S2, we first obtain: J, = @ = 0.5 meV. A separate estimate can be obtained from

Jg = % = 1.9 meV We then estimate that J, ~ 1 meV with an error of 0.5 meV.

Similarly, we obtain two estimates of J +Jp, , namely (E; — E3)/4 = —22meV and (E| — E4) /4 =

—19.3 meV. Then, from the supercell calculations in Figure S3 we obtain: J = ((E} — E}) +4J,)/4 =

r_

—20meV. An estimate of J;, can then be obtained from 55 o 2 meV. Using this value, one could

4
E|~E{+4J)

also obtain J from 7 = —19meV. As a result, we obtain the values presented in the main

manuscript and in Figure S1, with an approximate error of 1 meV for J.
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Figure S2: Different spin configurations for a unit cell containing 4 formula units (f.u.) and their
relative energies. Ey, E», E3, and E4, correspond to the AFM1 (DFT ground state), AFM2, AFM3,
and FM magnetic configurations, respectively.
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Figure S3: Different spin configurations for a unit cell containing 8 formula units (f.u.) and their
relative energies per 4 f.u.
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Figure S4: Band gap and J dependence on U for the DFT-PBE+U calculations along with values
obtained with the r?SCAN functional. For the latter, a corresponding fully relaxed atomic structure
(rel) was obtained with the AFM ground state and used as the r’SCAN reference in the exchange
parameter calculations. Additional band gaps were calculated with r’SCAN using the experimental
(exp) neutron-diffraction structure and the PBE+U = 2 eV structure. Filled circles indicate a metallic
state for the specified exchange-correlation functional.
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2 Cr-N Bonding within anionic [CrN 316~ units

Figure S5: Local density of states (LDOS) plotted in real space, integrated with a Gaussian smearing
of 0.05eV around (left) 4.1 eV below the Fermi level and (right) 3.8 eV below the Fermi level,

showing strong Cr-N bonding character.
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Figure S6: Complex Cr—Cr network connectivity shown through the near-neighbor and next-near

neighbor Cr—Cr links.
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4 Superexchange through unoccupied d Orbitals

We now examine the exchange between electrons on two magnetic sites i (i = 1,2) mediated by
an unoccupied d-orbital to understand the difference between the standard M-L-M SE and the
peculiar L-M-L SE (L = ligand). In our model, we consider the hopping between the ligand states
on the magnetic site and the intermediate metal d-orbital (7) and the Coulomb repulsion on the two
magnetic sites () and on the intermediate d-orbital (U;). We neglect all second nearest neighbor

and beyond hopping terms. The Hamiltonian can be written as:

H = Z & Z Nig + EqNgy — IZ(C’LCW + cz,gcig) +U Z nipng) + Ugnging, (S1)
o 4 l l

In the Hilbert space of two electrons with anti aligned spin states occupying the three orbitals, the

Hamiltonian matrix is given by:

0 0 -t 0 -t 0 0 0 0 2T u 0)
0 0 0 -t 0 -+ 0 0 0 c;lch 0)
-+ 0 A 0O 0O 0 0 t chcj,lm)
0O t 0 A 0 0 0 -t —t ol chT |0)
+ 0 0 0 A O ¢t 0 t cZTch|0>
0 -t 0 0 0 A -t 0 —t cjllcjT |0)
0 0 0 0 ¢+ -t U 0 0 chch |0)
0O 0 ¢+ -t 0 0 0 U 0 c;lc; 0)
0 0 ¢ -t t -t 0 0 Uz+2A c:;chlT 0)

Downfolding the high energy states into the subspace spanned by the first two states, c2T d L |0) and

2 l dT |0), setting & = 0, and expanding in 1/U leads to:

-1
Hegr = Hoo + Tos (8 - (Hll +Ti2 (e — Hyp) ™! Tzl)) Tio

~ Hoo — TotHy ' Tio — To1 Hy | TiaHy, To1 Hi Tho (S2)
221 0 2z4(1 2 ) I -1
== - =+
2
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Here, ¢’ and ¢ are the electron creation and annihilation operators; A is defined as the energy
difference between the unoccupied intermediate metal d level and the occupied level of the ligand

spin state, i.e., A = g4 — &;. We can rewrite the second term in the second quantized form:

H,.=JiuL (C;TchcllCZT - C;lCITCIlCZT - c;Tchcch% + c;chTcchzl) (S3)
in which
2t* (1 2
J =——|=+ . S4
EME = A2 (U Ud+2A) 54

Using the identities that ST = %(c}cil+c£c,¢), Siy = —%(c}cil —cjlc,'T), St = %(chciT _lecil)’

Eq. S3 can be further written in terms of the spin operators for the d orbitals.

S\ - S "1"2) (S5)

Hex = =JLmL (51 -8y - 4
We find that Jy 7 1s the effective exchange between the spins at the two adjacent ligand sites
and represents the L-M-L superexchange. In comparison, standard M-L-M SE through a doubly

occupied p, derived from a similar treatment, ! takes a slightly different form:

2t 1 1
Ty = ———— | = : S6
MEM (U+A)2(U+U+A) (56)

where in this case, A is the energy difference between the metal d level and the occupied intermediate

ligand p level, thatis A = g; — g),.

5 r?SCAN Simulation Details and Results

The Strongly Constrained and Appropriately Normed (SCAN) semilocal density functional is
known to give a reliable description of common transition metals compounds without the trouble
of ascertaining an optimzal plus Hubbard U value.? To assess our DFT+U results, we performed

additional calculations with the r’SCAN functional® as implemented in the Vienna Ab Initio
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Simulation Package (VASP)*> using the projector augmented-wave pseudopotential® plane-wave
methods. The cutoff energies for the plane-wave basis were set to 520 eV for structural relaxations
and static total energy calculations. Atomic relaxations were performed until the internal forces
were smaller than 0.01 eV A~'. We employed I'-centered k-meshes of size 4 x 3 x 7 for the primitive

cell calculations.

g MAAAN [V N A A
S W N~
Cr(d) — Ca(d)
— N1(p) N2 (p)
5 -4 -3 -2 -1 0 1 2 3 4

Energy (eV)

Figure S7: DFT-r>’SCAN spin-polarized density of states (DOS) of Ca3CrNj3 for the fully relaxed
r>SCAN crystal structure.
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