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S.1 Cu Ljy3-edge XMCD

Figure S1 presents experimental Lis(Lij—,Cu,)N Lg 3-edge XMCD spectra. The absence of any
dichroism is indicative of a system exhibiting no magnetic phenomena upon application of a 14T
field. This strongly suggests a near-closed shell Cu(I), d'° valence with spectral features corre-

sponding to orbital and ligand hybridisation; full discussion within the main body of text.
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Figure S1: Single crystal Lip(Li;—,Cu,)N Ly 3-edge spectra. (ZTop) Normal incidence, E L c,
circularly polarised absorption, (o; and o) and (bottom) XMCD (o; - 0,) measured at 21 K and

14 T. * Small Cu(II) impurity identified within Cu(I) spectra.



S.2 Cu Ljy3-edge Periodic DFT
S.2.1 Computational Details

Periodic DFT calculations on Lis(Lij—,Cu,; )N were performed using the plane-wave pseudopoten-
tial DFT method available within the code CASTEP!. The generalised gradient approximation for
the exchange-correlation energy was selected in the form of a PBE functional revised for solids?.
Self-consistently generated ultrasoft pseudopotentials were used for both PBE and PBE~+U calcula-
tions. A kinetic energy cutoff of 750 eV for the wave function, together with a (6x6x6) Monkhorst-
Pack k-point grid, were determined as parameters for convergence calculations. A (10x10x10)
k-point grid was used instead for calculating the density of states (DOS). Self-consistent calcu-
lations were performed to a convergence value of 1x10~7eV. Due to the isolated nature of Cu
atoms in Lig(Li;—,Cu,)N, we operated with a supercell constructed from the hexagonal cell of
LisN (space group P6/mmm) with a single dopant atom. The structure was generated using the
sample method as previously reported for Liy(Li;_,Fe,)N3. A smearing of 0.1 eV was applied to the
computed eigenvalues to improve the k-point convergence. The angular dependence of Cu Ls-edge
was calculated, including the effects of a core-hole* and using the same k-point grid as previously
used for the DOS. The ground state DFT was also expanded by expressing the exchange-correlation
potential in terms of local-density band theory via the PBE+U method®. The electronic properties
were calculated with the simplified, rotational-invariant formulation developed within the linear re-
sponse approach®. An effective U value of 3eV was included in the calculations. Based on the
ground-state energy evaluation and the spectroscopic results, angular-momentum dependent or-
bital occupation was determined with Loewdin charge analysis on top of ground-state, converged
DFT wavefunctions. X-ray absorption spectra were computed by extracting the matrix elements
for electronic interband transitions from the ground state DFT, including the local effects of the 2p®
core-hole as implemented in the CASTEP code. An energy shift of 933.38 ¢V was applied to match
the experimental data and normalised through trapezoidal integration of the simulated spectrum.
Transition broadening as a consequence of instrumental resolution (Gaussian) and core-lifetime

effects (Lorentzian) was set as 0.2 and 0.7eV FWHM, respectively.



S.2.2 Cu L 3-edge analysis

Periodic DFT calculations were performed within CASTEP ! utilising a 3x3x3 supercell LisN matrix
doped with a single Cu atom at the Wyckoff 1b position. Partial density of states (pDOS) were
mapped upon the converged system to compare the interpretation to molecular DFT approaches
within the main body of the text. pDOS calculations permit an extension to Mulliken population
analysis to isolate individual bands and orbitals of a selected atom. Unoccupied Cu-3d states
according to molecular bonding symmetries (do, dd and dr) are in agreement with both angular
dependent spectroscopic labelling and molecular DFT (Figure 3) approaches to the pronounced

transitions observed within the Cu Ls-edge spectra (I-III), Figure S2.
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Figure S2: a) Single crystal angular dependent Cu Ls-edge spectra. (Top) Experimental spectra
with background subtraction. (Bottom) Periodic DFT calculated spectra. 0° corresponds with E
1 ¢ and 90° with E || ¢. b) Periodic DFT calculated partial density of states (pDOS), visualising

predominant contributions of Cu-d states above the Fermi energy level.



S.3 Loewdin population analysis of Cu DFT

Table S1 presents metal and ligand molecular orbital characters as calculated through Loéewdin
population analysis. Isosurface plots for each molecular orbital is presented within Figure S3. For

conciseness, orbital character is limited to percentage character above 1%.

Table S1: Metal and ligand Léewdin deduced molecular orbital characters (%) of Cu DFT calcu-

lations. Isosurface plots of each molecular orbital are presented in Figure S3.

27 28 29 30 31 34 36 37 40 41 42 51 52
Cus 2.9 15.2 4.9
Cu dz2 34.9 48.5 25.1
Cu x2-y2 99.3 30.7
Cu xy 99.3 30.7
Cu xz 65.9 41.0 1.9
Cu yz 65.9 41.0 1.9
Ns 8.4
N pz 51.8 15 124
N px 27.2 8.2
N py 27.2 8.2
Lis 6.8 7.2 208 20.8
Li pz 28.8 28.8
Li px 384 16.8 36.4
Li py 16.8 36.4 36.4
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Figure S3: DFT deduced molecular orbital energy level diagram with related isosurface plots.

Related Loewdin population analysis are tabulated with respect to molecular orbital number within

Table S1.



S.4 Ni(I) absorption cross-section selection rules

Figure S4 presents angular dependent Ni(I) (d”) La 3-edge XAS and XMCD calculations of various
ground-state ligand-field configurations. The main Ls- and Ls-edge dipole transitions at 852 and
869.2 eV respectively exhibit pronounced angular dependencies which are contingent to the orbital-
location of the lone electron hole. The presence of Ni(I) Lo-edge absorption intensity within the
experimental spectra (Figure 8h) precludes a Ni(I) ground term *Ds 5 (do?dn?ds®) (Figure Sde);
due to a lack of Lo-edge peak within the calculation. Further isolation of the orbital-location of
lone electron hole can be deduced through identification of the opposing angular dependencies
within the experimental measurements of the XAS Lg- and Ls-edges (Figure 6). This compels an
electronic ordering of do < dd < drm or dé < do < dm; as an unoccupied do orbital (L = 0) predicts
equivalent XAS angular dependencies (Figure S4c) in addition to an incorrect negative-positive
XMCD Ly 3-edge signal, Figure S4h. This technique facilitates an understanding of the general
electronic occupation of Ni(I); but it is limited to primitive labelling of the lone electron hole to
an Fq4 doublet. To further quantify the electronic ordering of the complete d-orbital manifolds ab
initio and charge-transfer ligand-field multiplet calculations are applied within the main-body of

the text.
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Figure S4: Ni Ly 3-edge ligand-field multiplet calculations of (a, b, ¢) X-ray absorption, (d, e, f)
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occupations. Iterative angular dependent calculations performed with incident, E L ¢ (0°) through

to E || ¢ (90°) at 21K and 14 T.



S.5 Ab initio and charge-transfer ligand-field multiplet calculations
S.5.1 Computational Details

Charge-transfer ligand-field multiplet calculations of the Lig(Lij_,TM, )N series were performed us-
ing the quantum many-body scripting language, Quanty ”® to calculate L 3-edge XAS and XMCD
spectra. Input files for the simulation of XAS and XMCD were adapted from templates generated
in Crispy”.

Quanty permits construction and solution through a Green’s theorem approach of a charge-

transfer ligand-field multiplet Hamiltonian as defined by:

7:[ = ﬁe*e* + 7:[.5'0 + 7:[C'F + ,}:[Hyb. (Sl)

Atomic multiplets, 7%6767 are described through the expansion and separation of spherical
harmonics and radial integrals into Slater-Condon-Shortley integrals, in“p, F;fd (Coulomb) and G’;d

(exchange) as given by:

N 2 2
v & _ [es+ip || 2sip ) Fk a* )
Hee Zéj Y < 7| - J> Ek e + Ek 9k (52)

where fi, and gj represent the angular coefficients, and F* and G* are the radial integrals
of the direct and exchange interactions, respectively. Spin-orbit coupling parameters, Hso =
SN € (ri) 1;- si of the 3d" manifolds for Mn and Ni, are left consistent with atomic values; while Fe
and Co are scaled to experimentally deduced values previously reported by temperature-dependent
L3 3-edge XAS3 and EPR'0. 2p° core-hole spin-orbit coupling strengths of all transition metal
ions remain consistent with the atomic values. The crystal-field potential, 7:[(;F = Vor(ri, 0;,p:) =
i mik Apmr*CE (0, ) within normalised spherical harmonics is solved for the local symmetry of
I‘E}:lg zz;:ition metal complex as previously defined within the D, point group, which is equivalent
to Dgp, when Dg = 0. This results in a ligand-field d-orbital energy splitting of an A;4(d,2) singlet,
and two E doublets, E14(dyy, dy.) and Egg(d,2_,2,dsy) with energies that are adjusted through
the ligand-field parameters, Ds and Dt. Metal-ligand covalency is o symmetry permitted via Ay,
m symmetry permitted via Ei, and § symmetry permitted via E;4. Orbital covalency is included

within the model via a metal-to-ligand charge-transfer (MLCT) interaction acting between 3d™

and 3d" 'L~ configurations, where L is a supplementary set of (3d) ligand orbitals symmetry

10



permitted for metal-ligand mixing. MLCT or ligand-to-metal charge transfer (LMCT) can be used
to simulate the effect of metal-ligand covalency on the measured spectra. The energy separation
between configurations, Ay, and valence bond configuration interaction mixing is given by V!
where a ground-state wavefunction, 14, is determined through diagonalisation of the hybridisation

Hamiltonian matrix:

R 0o Vi
Heys, =
Vi Ap

Ygs = a|3d™ )+ B[3d" 'L )

é_ \/AQL+4VL2—AL

« 2V,

Where required, differential orbital symmetry adapted metal to ligand charge-transfer!? is in-
troduced to reproduce back-bonding contributions of the m and d-bonds. Ligand back-donation is
treated with parameters, V. and Vs and individual A values, A, and As. Contributions of 3d-4s hy-
bridisation is symmetry restricted to the do-orbital (3d,2) and introduced with an energy separation,

Ay, and orbital overlap parameter, Vys. Additionally, further exchange Slater-Condon-Shortley in-

1

tegrals are included in the ground, Gis and excited states, G,

GZS. The ground state wavefunction
is expressed as multiconfiguration linear combination of |3d™), ‘3d"_14s> and |3d”_1L_> and was
systematically explored by fitting calculated spectra to experiment, to comprehensively deduce the
independent bonding contributions for the series of linear transition metal complexes studied. The
charge-transfer ligand-field multiplet parameters were informed by the Cu TD-DFT calculations
(discussed within the main body of text) including the relative energy ordering of characteristic
satellite features of do < d§ < dm.

Ab initio ligand-field theory calculations provide a first measure of Slater-Condon-Shortley inte-
grals weightings from first principles, Table S3, from which optimised parameters were itteratively
deduced, Table S2. Both ground-state (1-shell) and excited-state (2-shell) calculations were per-
formed where the latter was computationally feasible. The active space of a 1-shell calculation is
as described within the main body of the text, where the 2-shell enables the calculation of 2p3d

Coulomb and exchange integrals. Rotation of the three 2p,, . orbitals within the active space

expands the calculation to N electrons in eight orbitals, where N = 13 and 14 for TM = Fe (56

11



quartets and 168 doublets) and Co (28 triplets and 36 singlets) for the respective monovalent cal-
culation and TM = Co (56 quartets and 168 doublets) and Ni (28 triplets and 36 singlets) for
divalent; tabulated values collated within Table S3. An 80% reduction is applied to Hartree-Fock
deduced parameters resulting from the over-estimation of electron-electron repulsion found for the
free ion where 2-shell calculations were impractical. Broadenings of all calculated transitions were
convolved with a full-width half-maximum Gaussian of 0.25eV representative of the experimental
instrument resolution, and a varying Lorentzian broadening over the L3 and Ls-edges to account

for the core-hole lifetimes, Table S5.

S.5.2  Ab initio ligand-field multiplet calculations

Ab initio ligand-field theory calculations were performed on Lig(Lij_;TM,; )N where TM = Mn, Fe,
Co and Ni to gain a parameter-free insight of the series. Both mono ([Lij4sTMN3]?*) and divalent
([Li TMN,]1t) TM fragment calculations were performed with Slater integrals, spin-orbit cou-
pling strengths and ligand-field splitting results (Table S2) used as input values for a representative
angular dependent Ly 3-edge XAS multiplet calculation, Figure S5. The SA-CASSCF-NEVPT?2
AILFT calculations are most representative of the monovalent oxidation state reproducing the pri-
mary multiplet excitations (0 - ~4 eV) of the series. The higher energy satellite intensities are absent
within these calculations resulting from the limited active space (5 d-orbitals) as described within
the main body of the text, thus indicating the requirement for an extended multi-configurational
multiplet Hamiltonian to comprehensively replicate the observed spectral features. Attempts at
excited-state (2-shell) AILFT calculations were unsuccessful in accurately replicating the observed

XAS spectra and require further exploration beyond this study’s scope.

12
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Figure S5: Comparison of normal (light), E L ¢ and grazing (dark), E?OOC incidence single crystal
X-ray absorption spectra of Lig(Li;_, TM; )N, where TM = Mn, Fe, Co and Ni to experimental (a)
and calculated ab initio ligand-field multiplet calculations (b-e) at 21 K. SA-CASSCF-NEVPT2
AILFT calculations were performed on mono (b,d) and divalent (c,e) TM ions (for calculated
multiplet values see Table S3). Excited state (2-shell) calculations were attempted where feasible

(See S.5.1. for further details).

S.6 Ni(I) charge-transfer ligand-field multiplet dependencies

Figure S7 illustrates a systematic exploration of each individual multi-configurational ground-state
of Lig(Li;—,Ni,; )N through charge-transfer ligand-field multiplet theory. The high-symmetry (Dgp,)
pocket TM ions occupy within lithium nitride results in orbital degeneracies which can be considered
as completely orthogonal to each other. This results in symmetry restricted orbital hybridisation
and charge-transfer configurations which are virtually uncoupled to one another permitting individ-

ual optimisation of the observed high-energy satellite spectral features through Ay, s, and Vi s~

13
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calculation.

to spectral positions and intensities. Complete tabulated values for the series as stated in Table

S2.
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dependencies upon normal incidence (E 1 ¢) Ni Ly 3-edge calculations. Optimised calculations
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investigated with calculated expectation values of the metal 4s or ligand orbitals. Spectral regions

marked in bold guide the eye to highlight the part of the spectrum that is most sensitive to A.
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Table S2: Ground (GS, 3d") and excited-state (ES, 2p°3d™ ') charge-transfer ligand-field

multiplet parameters of optimised Lig(Li;—,TM;)N Lo 3-edge calculations; all values in

eV. All ground- and excited-state Slater-Condon-Shortley (F*, GF) integrals were scaled

to 80% Hartree-Fock deduced values.

Lis(Li;_Nig)N

Lig(Lij_yCog )N

Liy(Li;_yFe,)N

Lig(Li;_sMn, )N

GS ES GS ES GS ES GS ES
F3, | 8.8672 9.5120 8.3440 9.0088 7.8088 84976 7.2576  7.9768
Fj, | 5.4680 5.8744 5.1448 5.5632 4.8136 5.2472 4.4720 4.9248
F2 5.6784 5.2992 4.9136 4.5216
Gl 4.2096 3.8920 3.5704 3.2448
G2y 2.3944 2.2128 2.0296 1.8432
G2, | 0.9656 0.8584 0.9704  0.8560 0.9768 0.8569 0.9888  0.8576
G 0.1472 0.1456 0.1440 0.1424
Cop 11.509 9.750 8.530 7.121
(3a | 0.074 0.093 0.054% 0.069 0.052% 0.068° 0.035  0.046
Ds |-0.0429  -0.0429  -0.0729 -0.0729 0.186  0.186  -0.0286 -0.0286
Dt | 0.2324 0.2324 0.2683 02683 0.2011 0.2011 0.1789  0.1789
Ay | 1.25 2.25 0458 1458 167 267 138  2.38
Vis | 749 7.49 537 537 268 268 212 212
A | [440]6.80 [5.40] 7.80 240 340 225 325 374 474
Visj= | [0.80] 1.80 [0.80] 1.80 1.40 140  0.50  0.50  0.83  0.83

“Scaling of 92% to atomic value as determined from EPR measurements '°.

*Scaling of 116% to atomic value as determined from temperature dependent X-ray absorption mea-

surements®.
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Table S4: Ground-state expectation values of the elec-
tronic occupation of 3d, 4s and ligand orbitals for
Lig(Li;—»TM,)N of the optimised charge-transfer ligand-

field multiplet parameters (Table S2).

Ni Co Fe Mn

(d,2) 1.6151 1.6280 1.7742 1.6803
(dy2_p2,dey) | 3.9631 3.8425 2.9912 1.9988
(dysydys) | 2.9042 1.9528 1.9676 1.9622

(3d) 8.4823 7.4232 6.7330 5.6413
(4s) 0.3931 0.3699 0.2244 0.3170
(L) 0.1246 0.2068 0.0426 0.0417

Table S5: Full-width half maximum, (FWHM) Lorentzian core-hole life time broadenings applied
to calculated Lg 3-edge spectra. Gaussian FWHM consistent throughout all calculations of 0.25eV.

All values in eV.

‘ Cu Ni Co Fe Mn

I' Ls, Lo ‘ 1.40, 1.85 0.55, 1.10 0.45, 1.00 0.35, 0.90 0.25, 0.80
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S.7 Grazing incidence XAS and XMCD
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Figure S8: Grazing incidence, FE 70° ¢, single crystal Liy(Li;—,TM,)N (where TM = Mn, Fe, Co
and Ni) XAS spectra (a-d) (op,), XMCD spectra (i-1) (o, - 07), experimental (black) and optimised
charge transfer multiplet calculations (colour), and circular polarisation absorption (e-h) (o, and

o;) performed at 21 K and 14T (H, = 13.16 T and H, = 4.79T).
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S.8 Zeeman Diagrams
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Figure S9: Calculated Zeeman diagrams for the Lis(Li;—,TM,)N series portraying the effect of a

magnetic field vector on the ground-state manifold. () H || ¢ and () H L ¢. Labelling of

states as defined in Table 1.
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