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Abstract

High-spin CoII complex (PPh4)2[Co(N3)4] (Co-N3) has been investigated using advanced 

spectroscopic techniques [far-IR magneto-spectroscopy (FIRMS), high-frequency and -field EPR 

(HFEPR), and inelastic neutron scattering (INS)] to study its zero-field-splitting (ZFS), giving 

spin-Hamiltonian (SH) parameters. The analysis of multi-frequency HFEPR reveals the easy-

axis anisotropy with a D value of –10.39(5) cm-1 and rhombic ratio (E/D) of 0.21(1). The 

magnetic properties have also been probed by direct-current (DC) magnetometry, suggesting 

minor differences in anisotropy from the previously reported polymorph (Co-N3'). Ligand-field 

theory (LFT) analysis indicates the structures of Co-N3 and Co-N3' are closer to D2d symmetry 

than other symmetries considered. Alternate-current (AC) susceptibility reveals slow magnetic 

relaxation under an applied field, indicating Co-N3 is a field-induced single-ion magnet (SIM). 

While both Co-N3 and Co-N3' were studied by DC magnetometry, one unusual aspect of the 

current work on Co-N3 is that advanced spectroscopies HFEPR, FIRMS, and INS were used to 

directly observe transitions between ZFS split states, giving accurate SH parameters.
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Introduction

Single-ion magnets (SIMs) are a fascinating class of molecular materials that exhibit 

magnetic behavior typically associated with bulk magnets, but on a molecular scale. These 

materials ideally can retain the magnetization without an external magnetic field. This makes 

them highly valuable for potential applications in high-density data storage, quantum computing, 

and molecular spintronics.1-21 The ability of SIMs to operate as molecular magnets arises from 

their large magnetic anisotropy and slow relaxation of the magnetization.

Transition metal complexes have been of intense interest, in part as their magnetic 

anisotropy is much more tunable than lanthanide complexes. This is because the ligand field 

effects in the former are more easily tuned than the spin-orbit coupling (SOC) in the latter.6, 14, 17, 

22-25 The CoII-based SIMs are the most explored with various coordination environments and 

geometries.26 Four-coordinate tetrahedral CoII-based SIMs are of particular interest.27-52 Among 

these are homoleptic SIMs with CoX4 units (X = O, S, Se and Te;34-43 N;44-51, 53, 54 Cl55, 56) have 

been reported. When the coordination environment is less than cubic (in this present case, Td), 

the magnetic properties are dominated by the extent of deviation from Td symmetry.57-59,60 Slight 

distortions of the crystal field environment can lead to significant zero-field splitting (ZFS) and 

slow relaxation of the magnetization. Thus, understanding and controlling these deviations are 

crucial for optimizing the magnetic properties of CoII-based SIMs, as these subtle changes can 

significantly influence the overall magnetic behavior and potential applications of these 

materials.

Tetrahedral tetrakis(pseudohalido) Co2+ complexes, containing the anions [Co(N3)4]2−,54, 

61, 62 [Co(NCO)4]2−,51, 54 and [Co(NCS)4]2−,48-51, 54 have been studied to probe how deviations 

from Td affect their properties including ZFS. Chen and coworkers recently gave a detailed 

summary of such complexes.54 Tetraazide Co2+ complexes include (PPh4)2[Co(N3)4] with two 

polymers, Co-N3
61 and Co-N3,54 and [Co(bdmpzpy)2][Co(N3)4] (bdmpzpy = 2,6-bis[(3,5-

dimethyl-pyrazol-1H-yl)-methyl]pyridine) studied by Massoud and coworkers.62 Sen and 

Mondal reported the synthesis and crystal structure of Co-N3, the first polymorph of 

(PPh4)2[Co(N3)4] (structure in Fig. 1a).61 Chen and coworkers later reported the formation and 

crystal structure of Co-N3', the second polymorph, as well as its magnetic properties by DC and 

AC magnetometry and HFEPR.54 To our knowledge, the magnetic properties of the first 

polymorph Co-N3 and comparison of two polymorphs have not been reported. 
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SHAPE analysis of (PPh4)2[Co(N3)4] (Co-N3) below shows that the complex could be 

described by the distorted D2d symmetry. D and E are axial and rhombic ZFS parameters, 

respectively. As shown in Fig. 1b, the magnitude of ZFS, 2D = 2(D2 + 3E2)1/2, reflects the 

deviation from the Td symmetry. The spin Hamiltonian for an S = 3/2 complex with an applied 

magnetic field B is given in Eq. 1:

𝐻𝑆 = 𝐷 𝑆2
𝑧 ― 5

4
+𝐸 𝑆2

𝑥 ― 𝑆2
𝑦 + 𝜇𝐵𝑔𝑥𝐵𝑥𝑆𝑥 + 𝜇𝐵𝑔𝑦𝐵𝑦𝑆𝑦 + 𝜇𝐵𝑔𝑧𝐵𝑧𝑆𝑧 (1)

where 𝑆 is the spin operator, 𝜇𝐵 is the electron Bohr magneton, gx,y,z are the g-factor components, 

and B = (Bx, By, Bz) is the applied magnetic field vector. For non-zero rhombicity E  0, mixing 

of the MS magnetic sublevels occurs as shown in Fig. 1, allowing for quantum tunneling. This 

mixing is a function of rhombicity ratio (E/D) by tan(2β) = 3(E/D), where β is the mixing 

angle. Mixing coefficients, a = cos β and b = sin β, are therefore used to weight ZFS states by 

rhombicity.63, 64

2D'

4F

4A2

Ms = ±3/2

Ms = ±1/2

FIRMS
 INS

Free
Co(II) ion

D2d
Crystal Field ZFS Zeeman

Effect

HFEPR

3  a |1/2  b |3/2

4  a |1/2  b |3/2

1  b |1/2  a |3/2

2  b |1/2  a |3/2

B

(b)

Co

N

N

N
N

N
N

NNN

NNN

(a)

2

Fig. 1. (a) Structure of the [Co(N3)4]2 anion in Co-N3. (b) Splitting diagram for Co-N3 with 

dominant easy-axis anisotropy (D < 0) with symmetry lower (i.e., x  y, E  0) than D2d. 4A2 is 

the electronic ground state based on descending the symmetry from the 4T1g electronic ground 

state of a high-spin d7 Oh complex to D2d.65 In other words, the quartet levels in 4A2 undergo 

zero-field splitting (ZFS) into two doublets split by 2D′ = 2(D2 + 3E2)1/2. When x  y (E  0), 

mixing of MS magnetic sublevels occurs, where the mixing coefficients a = cos β and b = sin β 

are described by the mixing angle β that depends on the rhombicity as tan 2β = √3 (E/D).60 The 

mixing allows for quantum tunneling.63, 64 Spectroscopies used in the current work are shown 
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here, including far-IR magneto-spectroscopy (FIRMS),44, 66-81 high-frequency and -field EPR 

(HFEPR),19, 20, 77, 82-92 and inelastic neutron scattering (INS).3, 93-108

Herein, we provide magnetic and spectroscopic studies of (PPh4)2[Co(N3)4] (Co-N3), 

which adopts a distorted tetrahedral geometry. To our knowledge, the structure has two 

polymorphs (Co-N3 and Co-N3'). The magnetic properties of the second polymorph Co-N3' were 

probed recently.54 Our goals in this work are: (1) Characterize the first polymorph Co-N3 by 

advanced spectroscopies (FIRMS, HFEPR, and INS); (2) Study the polymorph by DC and AC 

magnetometry, comparing the spin-Hamiltonian parameters between the advanced 

spectroscopies and magnetometry; (3) Determine if the first polymorph Co-N3 has the single-ion 

magnet (SIM) properties; (4) Compare the results of both polymorphs with the assistance of the 

SHAPE analysis and ligand-field theory (LFT) calculations. We are also interested in whether 

there is a correlation between the degree of deviation from the perfect Td symmetry and zero-

field splitting (ZFS) of the magnetic levels in Fig. 1. While DC and AC magnetometry has been 

widely used in the studies of SIMs, the current work is unusual in that advanced spectroscopies, 

HFEPR, FIRMS, and INS, have been used to probe magnetic properties of Co-N3, in addition to 

DC magnetometry.

Results and discussion

Determination of the zero-field splitting (ZFS) by FIRMS, HFEPR, and INS

The separation between Kramers doublets MS = ǀ±3/2 and ǀ±1/2 is 2D' for an S = 3/2 ion 

such as CoII. For Co-N3 here, the transition between these levels has been directly determined by 

FIRMS,44, 66-81 HFEPR,19, 20, 77, 82-92 and INS.3, 93-108 FIRMS and INS allows the direct observation 

of ZFS, whereas multiple-frequency HFEPR has determined the spin-Hamiltonian parameters, 

D, E, and g, including the negative sign of D, suggesting the easy-axis anisotropy in Co-N3. It 

should be pointed that HFEPR spectra of Co-N3' did not show a signal, as reported in Ref. 54. 

Results of the current work are summarized in Table 1 below. Basic features of HFEPR, FIRMS, 

and INS are presented in earlier publications, including their reviews in Ref. 109, Ref. 110, and 

Table 4 in Ref. 68. INS is also reviewed in Ref. 108. 
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FIRMS

Far-infrared magneto-spectroscopy (FIRMS) refers to Fourier-transform FIR (in the 

range 12-720 cm-1) in the presence of an applied magnetic field (0-17 T). This technique is 

useful for identifying the magnetic dipole-allowed transition, MS = ǀ±3/2  ǀ±1/2, in Co-N3 at 

0 T.110-112 As field increases, the Kramers doublets split into their respective MS levels. In 

FIRMS, the Zeeman effect and different orientations of the powder samples lead to shifts of 

magnetic transitions. The FIRMS transmission spectrum at 5.5 K and at 0 and 17 T (Fig. 2-Top) 

shows magnetic field dependence within the selected energy range. Further analysis can be 

performed by constructing a heat map (Fig. 2-Bottom) of the normalized transmittance which 

shows a color gradient where the blue color represents a deviation from the average intensity 

across all magnetic fields caused by spectral features with the magnetic field dependence, while 

the yellow color corresponds to regions indifferent to magnetic field. Energy of the magnetic 

transition changes with field increase due to Zeeman effect (Fig. 1). In Fig. 2, the Zeeman effect 

could be observed, which can be traced back to its origin at 0 T at 22(1) cm1. Thus, this value is 

assigned to be the zero-field transition between Kramers doublets (ZFS, 2D').

The phonons B, C, and D show spin-phonon couplings. Phonons here refer to both 

intramolecular and intermolecular (or lattice) vibrations. For the 2-D FIRMS map in Fig. 2b, a 

simplified Hamiltonian for the coupling between the magnetic excited level |j⟩  and one phonon 

excited state |n⟩ is given by the following 2  2 matrix in Eq. 2:113

 𝐻 = 𝐸sp 𝛬
𝛬 𝐸ph

(2)

where Esp and Eph = expected energies of the magnetic and phonon excitations, respectively; Λ = 

spin-phonon coupling constant.

Solving the matrix gives two eigenvalues E (with the associated avoided-crossing peaks 

|Ψ±⟩) in the secular Eq. 3. 

| 𝐸sp - 𝐸 𝛬
𝛬 𝐸ph - 𝐸 |  = 0 (3)
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During the spin-phonon coupling, |Ψ+⟩ shifts to higher E+, while |Ψ⟩ shifts to lower E in 

the avoided crossing, as shown in Fig. 2c. Eqs. 2-3 give a model to understand spin-phonon 

coupling in the FIRMS map and calculate the coupling constants Λ. 

This model can be expanded to a 4 × 4 matrix in Eq. 4 involving the couplings of the 

magnetic transition with all four phonons B, C, and D simultaneously. Here, interactions 

(couplings) among phonons are ignored. Thus, the off-diagonal elements between any two 

phonons are set to be 0. The ZFS peak (Esp) was modeled every 0.5 T from 0 T to 17 T for the 

transmittance peak, giving the coupling constants 1 = 0.5(5) cm1, 2 = 1.0(5) cm1, and 3 = 

1.5(5) cm1. B, C, and D are phonons in the crystalline solid of Co-N3 observed to undergo spin-

phonon couplings, even though there are likely additional IR-active phonons in the 22-50 cm-1 

region. The spin-phonon couplings here are similar to other reported complexes.60, 67, 68, 114 

𝐻 =

𝐸𝑠𝑝―A Ʌ1 Ʌ2 Ʌ3
Ʌ1 𝐸𝑝ℎ―B 0 0
Ʌ2 0 𝐸𝑝ℎ―C 0
Ʌ3 0 0 𝐸𝑝ℎ―D

(4) 
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Fig. 2. (a) FIRMS transmission spectra of Co-N3 at 5.5 K for 0 and 17 T. (b) Heat map of the 

normalized transmittance where yellow regions are indifferent to magnetic field. The arrow 

points to the magnetic transition at 0 T. Fitting of the spin-phonon couplings in red lines by Eq. 4 

gives coupling constants of the magnetic peak A with phonons B, C, and D: 1 = 0.5(5), 2 = 

1.0(5), and 3 = 1.5(5) cm1, respectively. (c) Schematic representation of an avoided crossing.19, 

67

(b)

(a)

B

E

| j

| n

| |

(c)

A B C D
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HFEPR

HFEPR of Co-N3 yields well-defined spectra characteristic for an S = 3/2 spin state with 

negative D (Fig. 3, top trace). The two peaks visible in the spectrum taken at 4.5 K are attributed 

to the z- and x-turning points, respectively, of the MS = ǀ–3/2  ǀ+3/2 transition within the 

ground MS = ±3/2 spin sublevel (implying that D is negative). The derivative spectral shape of 

the z turning point suggests that the crystallites undergo a torquing effect (reorientation) in the 

magnetic field. 

The derivative spectral shape of the z-turning point suggests that the crystallites undergo 

a torquing effect (reorientation) in the magnetic field.92 To prevent this phenomenon, the sample 

was pressed into a pellet together with n-eicosane which produced spectra distinctly different in 

shape compared to the sample “as is” (Fig. 3, middle trace). In particular, the resonance 

corresponding to the z-turning point became much weaker and absorptive, as expected, while the 

one corresponding to the x-turning point gained intensity and remained derivative. The resulting 

spectrum could be very satisfactorily simulated as a powder pattern originating from a random 

orientation of microcrystallites regarding the magnetic field (Fig. 3, bottom trace).

Fig. 3. HFEPR spectra of Co-N3 at 4.5 K and 276 GHz. Top trace (black): sample “as is”. 
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Middle trace (blue): sample constrained in a pellet with n-eicosane. Bottom trace (red): a 

simulation of the pellet spectrum using spin-Hamiltonian parameters D = –10.39 cm–1, |E| = 2.22 

cm–1, g = [2.21, 2.35, 2.35].

We offer two additional HFEPR spectra, one taken at a much lower frequency 71 GHz 

(Fig. S1), where it is possible to see all three turning points of the MS = ǀ–3/2  ǀ+3/2 

transition: B0 || x at 3.4 T, B0 || y at 4.9 T, and B0 || z at 0.75 T.  At higher frequencies, the y-

turning point moves rapidly beyond the magnet range, as shown in Fig. 4. The other spectrum, 

Fig. S2, shows a much higher frequency, 476.2 GHz, where it is possible to discern the inter-

Kramers transition at 3.2 T between the MS = ǀ+3/2 and ǀ–1/2 spin sublevels. Because of the 

mixing of the four MS magnetic sublevels (Fig. 1), such a transition is partially allowed, despite 

being nominally ΔMS = 2. An observation of this transition is paramount in determining the ZFS 

parameters from HFEPR alone. The peak at 5.2 T is the z-turning point of the intra-Kramers MS 

= ǀ–3/2  ǀ+3/2 transition observed before at lower frequencies.

The final spin-Hamiltonian parameters were obtained not from single-frequency spectra 

but from the multi-frequency data set comprising of collected turning points at multiple 

frequencies, along the tunable-frequency EPR principle,115 as shown in Fig. 4. These parameters 

are: D = –10.39(5) cm–1, |E| = 2.22(7) cm–1 (|E/D| = 0.21(1), 2D' = 22.1(1) cm–1), g = [gxx, gyy, 

gzz] = [2.21(4), 2.35(11), 2.35(2)]. The FIRMS heat map is overlayed in Fig. 4 showing a good 

agreement with HFEPR. The HFEPR and FIRMS analyses are independent of each other in 

obtaining the 2D value.
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Fig. 4. A field vs. frequency dependence of the turning points in HFEPR spectra of Co-N3 as a 

pellet (open circles) with superimposed color curves representing turning points in the powder 

spectra simulated using the spin-Hamiltonian parameters in the text and EasySpin.116 Red curves: 

B0 ǁ x when magnetic field is paralleled to the x-axis of the ZFS tensor, blue: B0 ǁ y, black: B0 ǁ z. 

The FIRMS heat map is overlayed to show a good agreement with HFEPR. 

INS

Magnetic transitions are observed in inelastic neutron scattering (INS) by the interactions 

of the spins of incident neutrons and unpaired electrons of the sample. The neutron beam may 

also lead to excitations of vibrational levels giving the phonon spectrum. Variable-temperature 

(VT) INS performed on the Vibrational Spectrometer (VISION) at Spallation Neutron Source 

(SNS), Oak Ridge National Laboratory (ORNL), has provided the analysis of magnetic and 

phonon features. INS at VISION is not a magneto-spectroscopic technique, as, unlike HFEPR 

and FIRMS, no external magnet is used in the experiment. Instead, variable-temperature spectra 
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and Bose-correction are used together to distinguish magnetic peaks from those of phonons, as 

discussed below.
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Fig. 5. (a) Bose-corrected, forward-scattering VT INS spectra of Co-N3. (b) Bose-corrected, 

backscattering VT INS. AU = arbitrary unit, The spectra are Bose-corrected, a numerical 

frequency- and temperature-dependent normalization of phonons that follow Bose-Einstein 

statistics, highlighting magnetic spectral features that follow Boltzmann statistics.108 (c) Bose-

corrected theoretical VT INS spectra of an S = 3/2 spin system with D = –10.39 cm–1, |E| = 2.22 

cm–1.

The forward (Fig. 5a) and backscattering (Fig. 5b) VT spectra reveal a clear magnetic 

transition in Co-N3 at 21.9(2) cm–1. The magnetic transition is more intense in forward-scattering 

spectra in Fig. 5a than the backscattered spectra in Fig. 5b. This is because, in the forward INS 

spectra, scattered neutrons from magnetic interactions with the sample have lower scattering 

angles (i.e., low Q where Q = |𝑸| is the length of the scattering vector of the momentum transfer 

𝑸 during neutron scattering108) than in backscattered spectra. Magnetic transitions are stronger in 

low-Q scattered neutrons than in high-Q scattered neutrons. In contrast, phonon/vibrational 

peaks are weaker in low-Q scattered neutrons but stronger in high-Q scattered neutrons. 

Theoretical VT INS spectra of the magnetic peak for an S = 3/2 spin system with D = –

10.39 cm–1 and |E| = 2.22 cm–1 in Fig. 5c, calculated based on Eq. 1 (in the Experimental Section 

and Calculations), show the observed INS peak at 21.9(2) cm1 matches the calculated peak, 
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especially the changes with temperatures. The comparison supports the assignment of this peak 

to be magnetic in nature. In other words, the peak represents excitation from the MS = ǀ±3/2 

level to the ǀ±1/2 level. The assignment of the INS peak at 21.9(2) cm–1 in Fig. 5a-b requires no 

use of magnetic field in contrast to FIRMS spectra in Fig. 2. That is, the INS spectra in Fig. 5a-b 

are truly from a zero-field experiment. This feature decreases in intensity as temperature 

increases due to the depopulation of the ground magnetic state.

DC and AC magnetometry studies

Magnetometry is extensively used to study the properties of molecular magnetism. 

However, this technique is sensitive to sample weight and centering which may cause 

fluctuations in the magnitude of the data, and consequently the SH parameter obtained though 

data fittings may be inaccurate. Chen and coworkers reported DC magnetometry fits of the 

second polymorph Co-N3'.54 We have used magnetometry as a common technique to compare 

our results on the first polymorph Co-N3 with those reported for Co-N3' as well as with those 

from the advanced spectroscopies. These results are listed in Table 1.

DC magnetometry

Variable-temperature (VT) DC magnetic susceptibility of Co-N3 with an applied field of 

0.1 T at 2-300 K gives the results shown in Fig. 6. At 300 K, the χMT value of 2.11 cm3 K mol1 

is greater than the spin-only value [χMT = (N𝛽2g2/3kB)S(S+1) = 1.875 cm3 mol1 K] of a high-

spin CoII ion with S = 3/2 and g = 2, confirming the presence of unquenched orbital contribution 

to the magnetic moment. Experimental DC magnetometry is compared with the simulated traces 

(Fig. 6) defined by the SH parameters obtained by HFEPR. The low temperature downturn of the 

simulated χMT trace is in good agreement with the experimental, indicating that the anisotropy is 

well defined. However, the simulated χMT = 2.49 cm3 mol1 K at 300 K deviates from the 

experimental data but is closer to the previously reported (2.51 cm3 mol1 K) of Co-N3. 

Simulation of the DC data gave D = 9.31(10) cm1, |E| = 0.5(4) cm1 [|E/D| = 0.04(5)], and giso 

= 2.12, which are given in Table 1 for comparison. The D and g values are slightly different from 

those by HFEPR. Such differences are common,19, 67, 68, 80, 110, 117-121 highlighting the need to use 

advanced spectroscopies to determine the spin-Hamiltonian parameters. The reduced 
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magnetization at 7 T and 1.8 K is 2.47N𝛽, in which the magnetic saturation has yet to be 

achieved. The non-superposition of the variable-field curves further indicates the presence of 

considerable magnetic anisotropies and (besides the scaling) the relative positions of the 

simulated magnetization curves are also in good agreement with experimental results.

The SH parameters of the Co-N3 and Co-N3' in Table 1 suggest that they have slightly 

different magnetic properties. The SHAPE analyses [which is the calculation of continuous shape 

measures (CShM) of set atomic positions relative to an ideal geometry]122 indicate differentiating 

deviations from ideal Td symmetry, where the Co-N3 has the smaller deviation. From this 

analysis, Co-N3 is inferred to have slightly smaller anisotropy, which is reflected in its smaller D 

value and zero-field splitting [ZFS. 2D = 2(D2 + 3E2)1/2 = 18.7(4) cm1] than the second 

polymorph Co-N3' (2D = 24 cm1) in Table 1. Both studies determined the sign of D to be 

negative, corresponding to axial anisotropy. Deviation caused by subtle changes in anisotropy 

cannot be discerned, while inaccuracies in magnetometry exist.
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Fig. 6. DC magnetic susceptibility of Co-N3 at 0.1 T. The inset is the reduced magnetization at 

varying magnetic fields. The solid lines are PHI simulations, giving spin-Hamiltonian 

parameters in Table 1.
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Table 1. Summary of magnetic parameters determined by different techniques and SHAPE 

analyses for Co-N3 in comparison with the reported Co-N3'
Complex Method D (cm1) |E| (cm1) |E/D| ZFS = 2D (cm1) g SHAPE

HFEPR 10.39(5) 2.22(7) 0.21(1) 22.2(1) [2.21(4), 2.35(11), 2.35(2)]

FIRMS 22(1)

INS 21.9(2)
Co-N3

DC magnetometry -9.31(10) 0.5(4) 0.04(5) 18.7(4) 2.12

0.107

Co-N3'
DC magnetometry 

in Ref. 54
-12.11(5) 0.49(7) 0.04(1) 24.3(1) 2.31 0.399

AC magnetometry

The AC susceptibility of Co-N3 was used to probe dynamic magnetization. VT AC 

susceptibility under a static DC magnetic field of 0.06 T is shown in Fig. 7. Out-of-phase (χM) 

signals are present under an applied DC field (Fig. 7-Top), which is an indication of field-

induced slow magnetic relaxation. Signals below 3 K become strongly dependent on 

temperature. However, no obvious maxima of χM was observed, preventing further analysis of 

the relaxation process. The AC susceptibility is compatible to that of Co-N3'.54 

It should be pointed out that the polymorph Co-N3' was characterized by DC and AC 

susceptibility. Its SH parameters were derived based on indirect fitting of the DC susceptibility 

data. In contrast, for Co-N3, the ZFS transitions were directly observed by FIRMS and INS, in 

addition to SH parameters being independently determined by tunable-frequency HFEPR and 

DC susceptibility data.
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Fig. 7. Frequency-dependent, (a) out-of-phase and (b) in-phase AC magnetic susceptibility of 

Co-N3 at 0.06 T DC field.

Analysis of d-orbitals and ZFS by Ligand Field Theory

Semiempirical ligand field theory (LFT) with the angular overlap model (AOM) 

approach123-126 has been used to understand the origin of ZFS in the two polymorphs. These 

calculations were performed on the locally written (J. Telser) program DDN.127 We also compare 

the results of DDN to those from Ligfield128 and they agree to within the third decimal place in 

cm-1 or better. 

We define a set of parameters that reproduce the experimental ZFS of Co-N3:  = 495 

cm1, B = 919 cm1, C = 3917 cm1, εσ = 7000 cm1, επs = 2900 cm1, and επc = 1800 cm1, where 

B and C are Racah parameters, and εσ and επ are the σ and π bonding energies. The values of  

and B are 93% of the free-ion value, whereas C is obtained by using the free-ion C/B ratio of 

4.26. Next, we define angles (θ, ϕ) that represent the ligand positions relative to a principal axis 

(dz
2 orbital) illustrated in Fig. S6, as in the crystal structures of Co-N3 and Co-N3'. The results 

are compared with “ideal” symmetries of Td, C2v, and D2d in Table S1. The relative d-orbital 

splitting (Fig. 8) and ZFS (Fig. 9) are then evaluated for each structure/geometry. The LFT 

models of Co-N3 and Co-N3' are found to have the same d-orbital splitting. The calculations with 

the Td geometry yielded the lowest ZFS value and gave degenerate doublet ground state (dx2-y2, 

dz
2) and triplet excited state (dxy, dxz, dyz). The C2v distortion slightly raises the dxy and dx2-y2 while 

lowering the dxz and dyz orbitals. The D2d distortion provides the closest d-orbital energies to the 
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actual structures, while providing degeneracy amongst the dxz and dyz orbitals. The metal orbitals 

increase in energy when they have better overlaps with ligand orbitals. The ZFS energy predicted 

via models shows a significant increase from Td to D2d, where the polymorphs are the closest to 

D2d. The two polymorphs are also found to have the same ZFS energy from the ligand field 

theory calculations. The ground total S for Co-N3 and Co-N3' are found close to 3/2, indicating 

axial anisotropy.

The d7 120  120 microstates matrix, including interelectronic (Racah parameters), spin-

orbit coupling, and AOM bonding parameters, is diagonalized to give the energies. The 

eigenvectors give the orbital configurations in the ml basis set. The basis function is the Slater 

determinants for in this case d7 in the |L, mL, S, mS> basis set. These are given for |L, 0, S, +1/2> 

by Slater in Ref. 129.

Fig. 8. d-orbital splitting of the structures Co-N3 and Co-N3' and distortions to “ideal” 

symmetries.
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Fig. 9. Trend in calculated ZFS energy for the structures of Co-N3 and Co-N3' and distortions to 

“ideal” symmetries.

Conclusions

We have investigated the magnetic properties of (PPh4)2[Co(N3)4] (Co-N3) and compared 

those with its polymorph (Co-N3'). Advanced spectroscopic techniques (FIRMS, HFEPR, and 

INS) allow the determination of ZFS and spin Hamiltonian (SH) parameters with easy-axis 

anisotropy. The current work is a rare example that magnetic properties of a metal complex (a 

polymorph in this case) have been probed by both magnetometry and several advanced 

spectroscopies, demonstrating the critical role that the spectroscopies play in determining precise 

SH parameters. SHAPE analyses show the differences in the two polymorphs, likely contributing 

to deviations in their magnetic anisotropies. The LFT calculations provide an understanding of 

the origin of ZFS in the two polymorphs. Calculated ZFS energy for the “ideal” D2d symmetry is 

the closest to the actual structures than Td symmetry. AC magnetometry reveals the complex to 

be a field-induced SIM with slow magnetic relaxation. The work adds to the studies showing that 

homoleptic Co2+ complexes with distorted Td symmetry, such as Co-N3, still give sizable ZFS 

and could be SIM candidates. 
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Experimental section and calculations

Synthesis of (PPh4)2[Co(N3)4]

The reactant (PPh4)2[CoCl4] was synthesized according to the published procedure in 

air.54 The complex (PPh4)2[Co(N3)4] was prepared by modifying the original procedure.54, 130 An 

excess of NaN3 (0.51 g, 7.7 mmol) was slowly added to a solution of (PPh4)2[CoCl4] (0.25 g, 

0.28 mmol) in acetone (10 mL) with 5% water. The reaction was stirred for 1.5 h, and then the 

volume of solution is reduced approximately in half by blowing N2 over the solution. The 

remaining solution is filtered to remove the excess NaN3, and CCl4 is added to the filtrate to 

precipitate the resulting blue solid of Co-N3 (0.177 g, 0.195 mmol, 68%). The complex was 

confirmed by PXRD (Fig. S3) to have the reported crystal structure published by Sen and 

coworkers.61 FT-IR of the solid is given in Fig. S5, respectively. An admixture of the two 

polymorphic complexes was also observed in some cases by PXRD (Fig. S4). But only the 

sample of the first polymorph Co-N3 was used in the current studies.

FIRMS

FIRMS spectra were collected at National High Magnetic Field Laboratory (NHMFL) 

using a Bruker Vertex 80v Fourier-transform infrared (FT-IR) spectrometer coupled with a 17.5 

T vertical-bore superconducting magnet. The experimental setup is equipped with a mercury 

lamp and a composite silicon bolometer (Infrared Laboratories), as an incoherent (sub)-THz 

radiation source and detector, respectively. The THz radiation propagates in freespace inside the 

optical beamline, connecting the output of the spectrometer and top of the sample probe. The 

radiation then passes through the brass lightpipe through a 2.5 m distance to the field center. The 

probe and beamline are evacuated to eliminate strong parasitic absorptions of the air. The 

samples are mulls of n-eicosane and powder (~2 mg) of each complex. Both the sample and the 

bolometer were cooled by low pressure helium gas to ~5 K. The spectrum of the THz radiation 

transmitted through the samples was measured between 10 and 720 cm1 (0.3–21.6 THz) with a 

50 μm beamsplitter, mid-IR globar source, resolution of 0.3 cm1 (9 GHz), acquisition time of 3 

min, 20 kHz scanner speed, and 200 gain.

HFEPR

HFEPR was performed at the EMR facility at NHMFL. The facility operates a 
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transmission spectrometer described elsewhere,131 which was modified by the use of Virginia 

Diodes Inc. (VDI, Charlottesville, VA, USA) sources, generating sub-THz radiation in the 50–

640 GHz frequency range. The spectrometer is associated with a 15/17 T warm-bore 

superconducting magnet. The samples were measured both “as is” which allowed them to orient 

(torque) in the magnetic field, or as pellets mixed with n-eicosane. About 30–60 mg of the 

powder samples was used in each measurement. HFEPR spectra were typically collected at 5–10 

K. The spectra of Co-N3 were simulated using the software package SPIN available freely from 

Dr. A. Ozarowski (NHMFL) at https://osf.io/z72tg/.

INS

Variable-temperature (VT) INS spectra were collected on VISION at ORNL. For each 

measurement, approximately 0.5 g of the powder sample was sealed in a vanadium can within a 

helium environment. The vanadium can was then fixed on the end of the sample stick and 

lowered inside the neutron beam within a JANIS closed-cycle refrigerator (CCR). VISION has 

two detector banks, forward- and backward-scattering, providing data for low- and high-

scattering angles, respectively. Magnetic transitions are more intense by the forward scattering 

detectors for their low scattering angle dependence. VISION is an indirect-geometry INS 

spectrometer.108 VT INS were measured at 5.0(5), 25.0(5), 50.0(5), and 100.0(5) K. Phonon 

population effect was corrected by normalizing the INS intensity at energy transfer ω with 

coth ℏ𝜔
2𝑘𝐵𝑇 .95

Magnetic neutron scattering cross-section corresponds to the number of neutrons 

scattered per second into a solid angle d with energy transfer between ħ𝜔 and ħ(𝜔 + 𝑑𝜔), 

divided by the flux of the incident neutrons. For spin-only scattering using unpolarized 

neutrons132 from a mononuclear complex, the magnetic scattering cross-section is expressed by 

Eq. 5:133, 134

𝑑2𝜎
𝑑𝛺𝑑𝜔

= (γ𝑟0)2𝑘𝑓

𝑘𝑖
[1

2
𝑔 𝐹 𝑸 ]

2
𝑒―2𝑊 𝑸 ∑𝛼,𝛽 𝛿𝛼𝛽 ―

𝑸𝛼 𝑸𝛽

𝑄2 𝑆𝛼𝛽 𝑸 ,𝜔 (5)

where  = neutron cross section; γ = gyromagnetic ratio of neutron, 𝑟0 =  classical radius of an 

electron, g = Landé g-factor, F(𝑸) = dimensionless magnetic form factor defined as the Fourier 
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transform of the normalized spin density associated with magnetic ions, 𝑒―2𝑊 𝑸  = Debye-

Waller factor caused by thermal motion, 𝑆𝛼𝛽(𝑸,𝜔) = magnetic scattering function, 𝛿𝛼𝛽 ―
𝑸𝛼𝑸𝛽

𝑄2  

= polarization factor which implies neutrons can only couple to magnetic moments or spin 

fluctuations perpendicular to 𝑸, 𝜔 = energy change experienced by the sample, 𝜔 = angular 

frequency of neutron, and α, β = Cartesian coordinates x, y, z.

Magnetic peak position in INS spectra gives a direct measurement of the eigenvalues of 

the spin Hamiltonian in Eq. 1. Simulated INS spectra were obtained by calculating the

energies and corresponding wave functions via exact diagonalization of the spin Hamiltonian in 

Eq. 1. These calculations can be used to get the INS intensity, which is proportional to the 

magnetic scattering function 𝑆𝛼𝛽(𝑸,𝜔).

DC/AC magnetometry measurements

DC measurements were collected at the University of South Carolina using a PPMS 

DynaCool by Quantum Design. AC measurements were collected at Oak Ridge National 

Laboratory (ORNL) using a Quantum Design MPMS-3. Powder sample (approximately 20 mg) 

were held in neat pellet form in a polypropylene straw. Pascal’s constants were applied to correct 

for diamagnetic contribution.135

Analysis of d-orbitals and ZFS by Ligand Field Theory

These calculations were performed on the locally written (J. Telser) program DDN.127 

Additional results from the ligand field analyses, including a summary of the ligand field and 

AOM parameters are given in Supporting Information (Fig. S6 and Tables S1-S6).

Data availability

Data are available from the authors upon request. The authors confirm that the data 

supporting the findings of this study are available within the article and its ESI.

Associate content

ESI including author contributions, additional HFEPR, powder X-ray diffraction data and 
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FT-IR spectra of the sample, additional results from the Ligand Field Theory analyses, additional 

discussion of the Bose correction, and codes for the simulation of spin = 3/2 magnetic transitions 

in INS.
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