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Abstract

Structural, spectroscopic and magnetic methods have been used to characterize the 

tris(carbene)borate compound PhB(MesIm)3Mn≡N as a four-coordinate manganese(IV) complex 

with a low spin (S = 1/2) configuration. The slow relaxation of the magnetization in this complex, 

i.e. its single-molecule magnet (SMM) properties, is revealed under an applied dc field. 

Multireference quantum mechanical calculations indicate that this SMM behavior originates from 

an anisotropic ground doublet stabilized by spin-orbit coupling. Consistent theoretical and 

experiment data show that the resulting magnetization dynamics in this system is dominated by 

ground state quantum tunneling, while its temperature dependence is influenced by Raman 

relaxation.

Introduction

Since the discovery of a four-coordinate iron(II) complex displaying SMM behaviour,1 

multiple examples of mononuclear d-block SMMs have been reported.2 In most of these 

systems, the magnet-like behaviour (i.e. their slow dynamics of the magnetization) was 

described by an Orbach mechanism involving an energy barrier to spin reversal (Δ) created 
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by an uniaxial Ising-like magnetic anisotropy (D) acting on a high spin ground state (ST).3. 

Specifically: Δ = ∣D∣ST
2 for integer spins and Δ = ∣D∣(ST

2 – 1/4) for half-integer spins (with 

H = DSz
2).4 With appropriate ligand design, spin-orbit coupling can be used to create a 

significant uniaxial anisotropy, resulting in large SMM barriers despite the relatively small 

ST associated with mononuclear d-block complexes.5 In the case of f-block complexes, spin-

orbit coupling is strong and magnetic anisotropy results from crystal field splitting of the 

total angular momentum (J) ground states. Strong spin-orbit coupling can lead to SMM 

properties in complexes having f1 electron configurations. For example, the SMM behaviour 

of the 5f1 U(V) complex, (trenTIPS)U(O) (trenTIPS ={N(CH2CH2NSiiPr3)3}3-) has been 

attributed to an energy gap between the MJ = ±3/2 ground Kramers doublet and the lowest-

lying excited Kramers doublet (either MJ = ±1/2 or MJ = ±5/2).6 The SMM properties of 4f1 

Ce(III) complexes have been similarly rationalized.7 In the case of d-block complexes, there 

is an intriguing report of a d9 SMM, [Ni(6-Mes)2]+ (6-Mes = 1,3-bis(2,4,6-

trimethylphenyl)-3,4,5,6-tetrahydropyrimidin-2-ylidene),8 although the origin of the barrier 

for relaxation of the magnetization was not investigated in detail. A more comprehensive 

investigation of trigonal planar S = 1/2 Ni(I) complexes attributed the observed SMM 

properties to direct and Raman processes.9 Indeed the origin of the magnetization dynamics 

in these and other S = 1/2 SMM systems is often difficult to establish as it can be induced by 

different mechanisms (Orbach, quantum tunnelling, Raman, direct, phonon-bottleneck-

limited direct, etc.),3,10 which are indeed often in intimate competition at a given 

temperature and applied magnetic field.9,11

Some of us have been investigating the properties of transition metal complexes with 

strongly donating tris(carbene)borate ligands.12,13 In addition to stabilizing metal-ligand 

multiple bonds,14 the three-fold symmetric environment induced by these ligands may also 

be used to create complexes with significant uniaxial anisotropy. This anisotropy leads to 

slow relaxation of the magnetization in certain high spin iron(II) tris(carbene)borate 

complexes.15 During the course of these studies, we reported the low spin (ST = 1/2) Fe(V) 

complex, [PhB(tBulm)3Fe≡N]+ (Figure 1).16 Detailed spectroscopic and computational 

investigations into the electronic structure of this complex reveals that it undergoes a 

quadratic Jahn-Teller distortion and significant e-e mixing that lowers the idealized 

molecular symmetry but does not completely quench spin-orbit coupling.16b

Building from this work, we report in this contribution the synthesis, characterization, 

spectroscopic and magnetic properties of the isoelectronic Mn(IV) nitride, 

PhB(MesIm)3Mn≡N (PhB(MesIm)3
- = phenyltris(3-mesitylimidazol-2-ylidene)borato) 

which shows similar structural and spectroscopic properties to the Fe(V) complex. Magnetic 

measurements reveal that this new manganese complex shows slow relaxation of its 

magnetization, which is unexpected for a low spin (ST = 1/2) d3 configuration. A combined 

approach using a detailed experimental study of the relaxation time (in temperature and dc 

field) and electronic structure theory has been used to delineate the origin of the observed 

magnetization dynamics in this new SMM.
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Experimental

General Considerations

All manipulations were performed under a nitrogen atmosphere by standard Schlenk 

techniques or in an MBraun Labmaster glovebox. Glassware was dried at 150 °C overnight. 

Diethyl ether, n-pentane and tetrahydrofuran were purified by the Glass Contour solvent 

purification system. Deuterated benzene was first dried with CaH2, then over Na/

benzophenone, and then vacuum transferred into a storage container. Before use, an aliquot 

of each solvent was tested with a drop of sodium benzophenone ketyl in THF solution. The 

tris(carbene)borate ligand precursor,PhB(MesImH)3OTf2, was prepared according to a 

literature procedure.13 1H NMR data were recorded on a Varian Inova 400 MHz 

spectrometer at 20 °C. Resonances in the 1H NMR spectra are referenced to residual C6D5H 

at δ = 7.16 ppm. IR spectra were recorded on a Perkin Elmer Spectrum Two spectrometer in 

THF solution. Cyclic voltammograms were measured using a CH Instruments Model 600B 

Series Electrochemical Analyzer/workstation in a glovebox with a glassy carbon working 

electrode. Elemental analysis data were collected by Midwest Microlab, LLC (Indianapolis, 

IN).

Synthesis of Complexes

Preparation of PhB(MesIm)3MnIICl (1)—Lithium diisopropylamide (153 mg, 0.46 

mmol) was added to a precooled slurry of PhB(MesImH)3(OTf)2 (437 mg, 1.43 mmol) in 

Et2O (50 mL) at -78 °C. The resulting mixture was stirred at -78 °C for 15 min and then 

slowly warmed to room temperature. After stirring until the reaction mixture became golden 

yellow, the solvent was removed in vacuo. Tetrahydrofuran (15 mL) was added to the 

resulting yellow solid, followed by MnCl2 (70 mg, 0.56 mmol). The reaction was stirred at 

room temperature overnight and then dried under vacuum. After washing with Et2O and 

drying under vacuum, the product was obtained (241 mg, yield 71% based on 

PhB(MesImH)3(OTf)2) as white solid. Colorless crystals were obtained by diffusion of 

pentane into a THF solution of the product at -35 °C. μeff = 6.1(3) μB [χT= 4.6(1) 

cm3Kmol-1]. Elemental analysis calcd for C42H44BMnCl: (%) C 68.79, H 6.04, N 11.45 

Found (%) C 68.70, H 6.04, N 11.39.

Preparation of PhB(MesIm)3MnIV≡N (2)—A 250 mL quartz round-bottom-flask was 

charged with 1 (333 mg, 0.45 mmol), NaN3 (146 mg, 2.25 mmol) and THF (100 mL). The 

mixture was stirred overnight under UV irradiation to yield a yellow solution. The solvent 

was removed in vacuo. Minor impurities were removed by washing with Et2O. The 

remaining solid was extracted into THF and and filtered through Celite to yield a yellow 

solution. The solvent was removed in vacuo to afford a yellow solid (201 mg, 56 % based on 

PhB(MesIm)3MnCl). X-Ray quality crystals were obtained by the slow diffusion of n-

pentane into a THF solution of the product at -35 °C. 1H NMR (400 MHz, C6D6): δ 12.8 

(2H, o/m-C6H5); 10.8 (3H, Im-H); 9.3 (2H, o/m-C6H5); 8.9 (1H, p-C6H5); 7.0 (6H, Mes m-

H); 2.7 (9H, Mes p-CH3); -3.2 (18H, Mes o-CH3); -11.9 (3H, Im-H). Elemental analysis 

calcd for C42H44BMnN7·0.5C4H8O (%) C 71.35, H 6.53, N 13.24; Found (%) C 70.56, H 

6.51, N 13.32.
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Single-Crystal X-ray Diffraction

Complex 1 was measured using a Bruker APEX II Kappa Duo diffractometer equipped with 

an APEX II detector at 150(2) K. Complex 2 was investigated with synchrotron radiation at 

100(2) K at the ChemMatCARS 15IDB beamline at the Advanced Photon Source at 

Argonne National Lab, Chicago. Additional details of the data collection and refinement are 

included in the Supporting Information.

Electron Paramagnetic Resonance (EPR)

Continuous-wave (CW) X-band (9.32 GHz) EPR spectra of 1 were collected on a modified 

Bruker ESP-300 spectrometer with 100 kHz field modulation (4 G modulation amplitude) at 

20 K through the utilization of an Oxford Instruments liquid helium flow cryostat. 

Simulations of EPR spectra were performed using the MATLAB EasySpin (v4.5) toolbox 

(easyspin.org).17

Magnetic susceptibility measurements

The magnetic measurements were carried out with the use of Quantum Design MPMS-XL 

SQUID magnetometer and PPMS-9 susceptometer. These instruments work between 1.8 and 

400 K with applied dc fields ranging from -7 to 7 T (MPMS).

Measurements were performed on a polycrystalline samples of 2 (17.7, 19, 3.2 and 4.5 mg) 

sealed in a polyethylene bag (3× 0.5 × 0.02 cm; typical 20 to 40 mg) and covered with 

mineral oil or directly in their frozen THF mother liquor within a sealed straw to prevent 

desolvation of the solid. Only experiments done with 2 maintained in frozen mother liquor 

and prepared under nitrogen atmosphere led to reproducible dc and ac magnetic data. No 

evaporation of the mother liquor was observed during these measurements. The mass of the 

sample was determined after the measurements and subsequent mother liquor evaporation. 

Prior to the experiments, the field-dependent magnetization was measured at 100 K in order 

to confirm the absence of any bulk ferromagnetic impurities. Ac susceptibility 

measurements were made with an oscillating field of 1 to 6 Oe with a frequency from 10 to 

10000 Hz (PPMS). The magnetic data were corrected for the sample holder, mineral oil, 

mother liquor and the intrinsic diamagnetic contributions.

X-ray Photoelectron Spectroscopy (XPS)

XPS experiments were performed using PHI Versa Probe II instrument equipped with 

monochromatic Al K(alpha) source. The X-ray power of 50 W at 15 kV was used for 200 

micron beam size. The instrument work function was calibrated to give a binding energy 

(BE) of 84.0 eV for Au 4f7/2 line for metallic gold and the spectrometer dispersion was 

adjusted to give BEs of 284.8, 932.7 and 368.3 eV for the C 1s line of adventitious 

(aliphatic) carbon presented on the non-sputtered samples, Cu 2p3/2 and Ag 3d5/2 

photoemission lines, respectively. The PHI dual charge compensation system was used on all 

samples. XPS spectra with the energy step of 0.1 eV were recorded using software 

SmartSoft–XPS v2.0 and processed using PHI MultiPack v9.0 at the pass energies of 46.95, 

23.5, 11.75 eV for Mn 2p and Mn 3s, for N 1s, and for C 1s regions, respectively. Peaks 
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were fitted using GL line shapes, i.e., a combination of Gaussians and Lorentzians with 

0-50% Lorentzian content. Shirley background was used for curve-fitting.

Ab initio Calculations

Electronic structure calculations were performed using the ORCA 3.0.3 software package 

and MOLCAS 8.0.18 Energies, wavefunctions and spin-Hamiltonian parameters for full and 

model complexes were calculated by the CASSCF methodology. The spin-orbit effects were 

included in both programs using quasi-degenerate perturbation theory (QDPT) in ORCA and 

restricted active space state interaction (RASSI) approach with MOLCAS program. The 

def2-TZVP basis set19 ANO-RCC basis were employed with ORCA and MOLCAS, 

respectively. Such methods comprise two steps: (i) a CASSCF calculation is performed to 

obtain the non-relativistic states and energies of the system and (ii) state mixing by the Spin-

Orbit Coupling (SOC) operator. Dynamical correlation was introduced by the N-electron 

valence perturbation theory (NEVPT2).20 Energies for the d orbitals were obtained from the 

ab initio Ligand Field theory (AILFT) approach.20a In a nutshell, the AILFT approach 

allows for the extraction of ligand field and Racah parameters from a one-to-one mapping of 

the matrix elements of a model ligand field matrix to a CI matrix obtained from electronic 

structure methods (in this case, the CI matrix from a CASSCF(3,5) calculation). Numerical 

values for the parameters are obtained from least-squares fit of the CASSCF matrix elements 

and orbital energies can be calculated by diagonalization of the ligand field matrix. Further 

details about the CASSCF+QDPT approach, the AILFT method and its applications to 

problems in Molecular Magnetism have been previously described.21b

Results and Discussion

Synthesis and Characterization

The manganese nitride complex, PhB(MesIm)3Mn≡N (2) is accessible by the same synthetic 

pathway used to prepare the related Fe(IV) nitrides (Figure 2a).22 Specifically, irradiating a 

solution of the high spin Mn(II) complex PhB(MesIm)3MnCl (1) (Figure 2b) in the presence 

of NaN3 provides 2 as a yellow solid following workup. Structural and spectroscopic 

methods (detailed below) reveal 2 to be a four-coordinate Mn(IV) nitride complex with a 

low spin (ST = 1/2) d3 electron configuration that is subject to a Jahn-Teller distortion. The 

molecular structure of 2 has been determined by single crystal X-ray diffraction (Table S1), 

revealing a four-coordinate manganese nitride complex supported by the tripodal 

tris(carbene)borate ligand (Figure 2c), that crystallizes with interstitial THF molecules. The 

asymmetric unit contains one THF and two independent molecules with similar metrical 

parameters; only one of these will be discussed (Table S2). The Mn-N (1.523(2) Å) and Mn-

C (1.938(2) – 2.006(2) Å) distances are slightly longer than the equivalent distances in the 

related tris(carbene)borate Fe(IV) nitrides,22 likely due to the larger ionic radius of the 

Mn(IV) centre. The manganese ion lies ca. 0.1 Å out of the plane defined by the carbon 

atoms of the tris(carbene)borate ligand, which is similar to the equivalent distance observed 

in the iron analogues. Similarly to the isoelectronic [PhB(tBuIm)3FeV≡N]+ complex,16 the 

Jahn-Teller distortion is manifested in the B-Mn-N vector bending away from 180° (B-Mn-

N = 174.7°). While many of the metrical parameters are similar, there are some key 

structural differences between 2 and the related Mn(IV) nitride [(TIMENxyl)Mn≡N]+ 
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(TIMENxyl = tris[2-(3-xylylimidazol-2-ylidene)ethyl]-amine)23 (Table 1). The most notable 

structural differences relate to how the Jahn-Teller distortion is manifested (Figure S3). In 

the case of [(TIMENxyl)Mn≡N]+, which has a relatively flexible tris(carbene)amine ligand, 

significant elongation of one Mn-C bond (by 0.15 Å) occurs to lower the local symmetry at 

the Mn site. The greater rigidity of the tris(carbene)borate ligand in 2 evidently hinders such 

a distortion, and all Mn-C distances are similar in length. Instead, the B-Mn-N angle in 1 is 

bent away from 180° (B-Mn-N = 174.7°), whereas the equivalent angle in 

[(TIMENxyl)Mn≡N]+ is linear. Complex 2 has also been spectroscopically characterized. 

The solution 1H NMR spectrum reveals eight paramagnetically-shifted resonances with 

relative integration appropriate for a three-fold symmetric complex. The solution magnetic 

moment, as determined by the Evans’ method (μeff = 2.2(3) μB; χT= 0.6(1) cm3Kmol-1), is 

consistent with a single unpaired electron and unquenched spin-orbit coupling seen in solid 

state (see below). The redox characteristics of 2 have been investigated by cyclic 

voltammetry. As with the structural data, interesting differences with [(TIMENxyl)Mn≡N]+ 

are observed (Table 1), likely stemming from the relative flexibilities of the tris(carbene) 

ligands. Thus, while both 2 and [(TIMENxyl)Mn≡N]+ can be reversibly reduced on the CV 

timescale, only the latter can be oxidized to Mn(V).23 The stability of the Mn(V) state for 

the TIMENxyl ligand is in part due to the ability of apical bridgehead nitrogen atom of this 

ligand to bind to Mn in this higher oxidation state, forming a five-coordinate complex. Such 

additional stabilization is not possible with the tris(carbene)borate ligand.

Electron Paramagnetic Resonance

More detailed insights into the electronic structure of 2 have been obtained from EPR 

spectroscopy. The frozen solution EPR pectrum (Figure 3, top) incorporates resolved 

hyperfine splitting from the Mn(IV), I = 5/2, centre. The ∣Mt〉 = ∣ −5/2〉 and ∣Mt= ∣–3/2〉 
manifolds at the low magnetic field edge of g∥ are well resolved, and simulated with an 

A1(55Mn) = 300 MHz coupling. The g⊥ values are slightly split, with anisotropic 55Mn 

hyperfine couplings, as determined by simulation of the EPR spectrum, yielding g values (g 
= [g1, g2, g3] = [2.35, 1.973, 1.965]) and 55Mn couplings (A = [A1, A2, A3] = [300, 74, 202] 

MHz). The average g value, gav = [(g1 + g2 + g3)/3] = 2.096, is in agreement with the g 
factor, 2.1(1), determined from the magnetic susceptibility measurements detailed below. 

The electronic structure of 2 and EPR parameters remarkably resemble those of other low-

spin trigonal d3 centres (Mn(IV) and Fe(V)) with tris(carbene) ligands.16,23 A solid powder 

sample of 2 was also prepared for EPR characterization by suspending the solid in pentane 

to form a slurry. The X-band EPR spectrum of this slurry (Figure 3, middle) is similar to that 

observed in solution (Figure 3, top). The same g⊥ ~ 1.97 feature is observed, although with 

anisotropic line widths. The g∣∣ (g1) feature is too broad and not observed, however, the 

A3 55Mn hyperfine splitting of 204 MHz is distinctly observed in the EPR spectrum of the 

slurry (Figure 3, bottom dashed lines). The line widths of the A2 hyperfine lines are 

noticeably broader than A3. Therefore, the g2, g3 and 55Mn hyperfine (A2, A3) parameters of 

the slurry sample match those observed for the solution. EPR spectra of this slurry collected 

at various temperatures (3.6 to 20 K) exhibits only the S = ½ Mn(IV) complex identifiable 

by the 55Mn hyperfine structure (See Supporting Information). In short, the electronic 

characteristics of the d3 Mn(IV) nitride are the same in both solution and the solid state.
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X-ray Photoelectron Spectroscopy

The combined structural and spectroscopic data described above indicate the presence of a 

tetravalent manganese ion in complex 2. This oxidation state assignment has been confirmed 

using X-ray Photoelectron Spectroscopy (XPS). The standard position of the 2p3/2 peak for 

the Mn(IV) state is accepted to be in the range from 641.1 to 642.5 eV with the spin-orbit 

splitting of 11.7 eV between Mn 2p3/2 and Mn 2p1/2 levels. The measured binding energies 

of Mn 2p3/2 for 2 are well within this range (Figure 4a, for details see Table S2). It should be 

noted that the shape of the Mn 2p transition may be different for samples with the same Mn 

oxidation state. Thus, for example, a shake-up-like satellite (normally characteristic of Mn2+ 

ions) is observed for MnPO4, but not for Mn2O3, despite the Mn(III) state of both 

compounds.24 Similar shake-up-like features are observed for our Mn(IV) complex, which 

clearly are more resolved for the Mn(II) complex 1 (Figure 4c) as expected. The feature 

similar to the shake-up high energy side of the Mn 2p3/2 shoulder was also reported for 

nanoparticles containing Mn(IV) ions in a SnO2 matrix.25 The Mn 3s spin-orbit split for 

both samples was also recorded to better distinguish between the 4+ and 2+ oxidation states 

of Mn. The clear reduction of the value for the spin-orbit split for 2 in comparison to that of 

1 (Figures 4b, 4d and Table S4) is consistent with reported in literature values.26 We found a 

measurable difference in the binding energies of N 1s as well as differences in the ratio of 

the components (Figures S3 and S4). The N 1s region for 2 is deconvoluted in a 3:3:1 ratio, 

while a 1:1 ratio is observed for 1, as expected. Thus, the XPS data are fully consistent with 

manganese being in the +IV oxidation state in complex 2.

In summary, the combined characterization data reveal that 2 is the latest addition to the 

small but growing family of compounds having a low spin (ST = 1/2) d3 electron 

configuration.16,23,27,28 It is notable that many of these complexes are supported by ligands 

that create approximately three-fold symmetric environments.16,23,28 This electronic 

configuration is susceptible to a Jahn-Teller distortion away from three-fold symmetry. This 

distortion is most clearly observed in 3d metal complexes, where the nature of the distortion 

depends on the supporting ligand.

Magnetic Properties

The magnetic properties of 2 have been studied by dc and ac techniques. Perfectly 

reproducible data were obtained when the compound was maintained below 200 K during 

the measurements and in its THF mother liquor, which prevents loss of solvent from the 

polycrystalline sample. At 200 K, the χT product has a value of 0.47 cm3K/mol in good 

agreement with a magnetically isolated low-spin (ST = 1/2) Mn(IV) centre (Figure 5). When 

lowering the temperature, the χT product decreases first almost linearly down to 30 K and 

then in a more pronounced manner to reach 0.32 cm3K/mol at 1.85 K. As shown by the 

electronic structure calculations discussed in the next section, the observed thermal 

behaviour above 30 K is directly the consequence of the thermal depopulation of the first 

excited doublet state. As expected, the theoretical χT vs. T data calculated using MOLCAS 

code18 (blue line in Figure 5) compare qualitatively very well with the experimental data (it 

is worth noting that the higher theoretical χT value is due to the larger calculated gav value; 

see Electronic Structure Calculations section). At lower temperatures and as already detected 

by EPR (vide supra), the marked decrease of the χT product reveals the presence of 
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antiferromagnetic interactions between Mn(IV) complexes. These intermolecular 

interactions were evaluated at -0.6(1) K (zJ/kB) by simulating the experimental data in the 

frame of the mean-field approximation29 applied to the scaled (× 0.88) MOLCAS χT vs. T 
data (red line in Figure 5). The field dependences of the magnetization below 8 K (inset 

Figure 5) are also in good agreement with an S = 1/2 species (M = 1.05 μB at 7 T & 1.85 K). 

The fit of the experimental data with an S = 1/2 Brillouin function confirms an average g 
factor around 2.10(2), which is in perfect agreement with that deduced from EPR (gav = 

2.096, vide supra).

The magnetization dynamics of this manganese nitride complex were probed by ac 

susceptibility measurements. In the absence of a dc field, the ac data, above 1.8 K and for 

frequencies up to 10 kHz, display a frequency independent in-phase (χ’) susceptibility 

consistent with the dc susceptibility (Figure 5), and accordingly do not exhibit any out-of-

phase component (χ”). However, application of a dc field leads to the detection of a 

relaxation process in both components of the ac signal (Figure 6), revealing the slow 

dynamics of the magnetization in 2. The ac signal becomes detectable around 5000 Hz for a 

dc field of about 200 Oe. At all fields, the χ’ vs. ν and χ” vs. ν data can be modelled by a 

generalized Debye model30 (Figure 6) with a small α coefficient (<0.4) indicating a weak 

distribution of the relaxation time (τ) and thus a relaxation mode that is dominated by a 

single relaxation process. The characteristic frequency of this relaxation mode continuously 

decreases when applying higher fields (to about 1000 Hz at 1 T) while the amplitude of the 

mode (χ0
- χ∞) exhibits a maximum around 0.45 T (Figure 6). For this particular dc field, 

the temperature dependence of the ac susceptibility was studied as shown in Figure 7. At all 

temperatures, the χ’ vs. ν and χ” vs. ν data can also be modelled by a generalized Debye 

model30 (Figure 7 and S7) allowing an estimation of the temperature dependence of the 

relaxation time at 0.45 T (Figure S8). As conventionally admitted, the exponential increase 

of the relaxation time (i.e. it follows an Arrhenius law) suggests the presence of a thermally 

activated (Orbach) process of relaxation with a pre-exponential factor, τ0, of 5(1) × 10-6 s 

and an energy gap of only 5.1(5) K (3.5 cm-1). While the origin of the relaxation process 

will be discussed in more detail below, it is important at this stage to note the unusually 

small energy barrier and the large value of τ0 (at least 4 orders of magnitude larger than 

expected for typical vibrations of the network which govern the Orbach reversal of 

magnetization).3

Electronic Structure Calculations

The magnetic properties of the low-lying states of 2 were further analysed by means of an ab 

initio multireference methodology. A symmetrized model complex was first studied to 

obtain a qualitative description of the ground state nature of 2 and then these conclusions 

were corroborated by calculations of the full complex.

The model complex was constructed from its original geometry, where the aryl groups were 

replaced with methyl substituents, symmetrizing the structure to the C3v group. Initial 

CASSCF(3,5) calculations for the model system using the ORCA code indicate the 

following orbital sequence (obtained with the AILFT theory, see ab initio calculations 

section): dxy and dx2-y2 at a reference energy (i.e. 0.0 cm-1), dz2 at 31000 cm-1 and (dxy, dxz) 
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at 32500 cm-1 (which is equivalent to the orbital diagram of Figure 1; see also Figure 8). 

Although this orbital diagram appears to be reasonable, the limitations of this reduced active 

space are evident in the swapping of the ground state wavefunction due to the inclusion of 

dynamical correlation (NEVPT2) and the prediction of a quartet state as the ground level. 

The addition of the σ and 2 π orbitals of the N3- ligand in a CASSCF(9,8) leads to the 

correct spin state ordering and a NEVPT2 correction that preserves the ground state for the 

model structure. The lower energy orbitals in the CASSCF(9,8) calculations are still (dxy, 

dx2-y2), with a doubly degenerate ground state that corresponds predominantly (81% weight 

in both wavefunctions) to the  and  configurations. The next excited 

state is 7300 cm-1 higher in energy (10100 cm-1 in NEVPT2) and is not relevant for 

discussing the SMM properties of 2. Thus, magnetic anisotropy in this system emerges from 

the quantum mixing of the degenerate ground state by the spin-orbit coupling (SOC), given 

that the dx2-y2 and dxy orbitals are connected by the z component of the angular momentum 

operator.2b,11b,31 In this way, two strongly anisotropic Kramers’ doublets are formed from 

the first two S = 1/2 states, separated by 470 cm-1 (676 K). The ground doublet of the model 

system presents a markedly uniaxial g tensor with gz = 5.15, gx = gy = 0.15. This strong 

anisotropy is significantly reduced in the full system due to the deviations from trigonal 

symmetry that breaks the degeneracy between dx2-y2 and dxy orbitals, partially quenching 

the SOC mixing. In the full complex, the calculated ground state is split to an energy 

difference of 2103 cm-1 (CASSCF(9,8) calculation including only doublets). This splitting 

leads to a marked decrease of the g tensor anisotropy of the ground doublet to values of gx = 

1.940, gy = 1.942 and gz = 2.674, yielding a gav of 2.185, in satisfactory agreement with the 

values obtained for magnetization and EPR measurements. Equivalent CASSCF+RASSI 

calculations performed with MOLCAS code provide similar values with a first excited 

Kramers doublet at 1932 cm-1 (2800 K) and gx = 1.927, gy = 1.933 and gz = 2.790 values 

(i.e. gav = 2.217; as mentioned above the calculated gav values is systematically slightly 

larger than the experimental one, around 2.1, which explains the difference between 

experimental and calculated magnetic susceptibility exemplified in Figure 5). This CASSCF

+RASSI approach was also used to estimate the possible relaxation mechanisms considering 

the two lowest Kramers doublets (Figure 9 inset). As expected due to their large energy 

separation, thermally activated mechanisms of relaxation, e.g. Orbach, cannot be relevant at 

low temperatures. Thus, the magnetic dynamics in 2 should only involve the ground 

Kramers’ doublet, allowing possible quantum tunnelling (QTM), direct and Raman 

mechanisms.

Discussion on the Origin of the Magnetization Relaxation

The electronic structure calculations discussed in the previous section lead to unambiguous 

conclusions on the origin of the slow dynamics of the magnetization in 2, which (i) should 

be dominated by QTM, direct and/or Raman mechanisms and (ii) cannot involve Orbach 

processes. With these elements in mind, the experimental relaxation time has been further 

analysed starting from its field dependence at 1.8 K (Figure 9 left). At low fields (μBH ≪ 
kBT), most of the processes inducing a magnetization relaxation (Raman, Orbach, phonon-

bottleneck, etc.) are weakly field dependent and thus they have been included as constant, 

k(T), in Equation 1.3,11 On the other hand, the quantum tunnelling of the magnetization is 

Ding et al. Page 9

Chem Sci. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strongly affected by applying even a small magnetic field as illustrated by the first term in 

Equation 1.32,33 As shown in Figure 9 (left part), the experimental relaxation time is 

extremely well described by this simple approach (Equation 1; with B1 = 24800(50) s-1, B2 

= 15.6(5) T-2 and k(T) = 5427 s-1) confirming the key role of the quantum tunnelling of the 

ground doublet in the relaxation mechanism (with τQTM = 1.67 × 10-4 s), in agreement with 

the theoretical predictions (Figure 9 inset). As direct processes are also strongly field 

dependent (even at low fields),3,9,32 their possible incidence on the magnetization dynamics 

of this Kramer system was also tested by including an TH4 term in Equation 1. The fit of the 

experimental data (Figure 9, left part) to this more complete model leads systematically to a 

negligible prefactor of this additional TH4 term underlying the irrelevance of the direct 

processes.

Equation 1

The temperature dependence of the relaxation at 0.45 T was analysed analogously, 

considering τQTM as a constant and including thermally active processes, which are either 

thermally activated (Orbach) or following a power law of the temperature for Raman 

mechanisms (with exponents ranging from 1 to more than 9).3,9,11,32

Equation 2

Remarkably, Equation 2 is able to reproduce the experimental data with a single power law 

and an exponent (n) of 2.93(5) (with b = 1105 s-1K-2.93 and τQTM fixed at 1.67 × 10-4 s). As 

discussed recently by Sessoli et al. for an ST = ½ VIV complex,11b the exponent value close 

to 3 suggests the presence of a Raman process involving both acoustic and optical 

vibrations.9 It is worth mentioning that the addition of terms in Equation 2 including 

different power laws or an exponential function does not significantly improve the modelling 

of the experimental data shown in Figure 9. Overall, the combined field and temperature 

dependence of the relaxation time below 4 K and 1 T confirms the predominance of the 

quantum tunnelling pathway to relax the magnetization with a characteristic time of ca. 2 × 

10-4 s. Nevertheless, this relaxation mechanism is clearly assisted by Raman processes that 

rationalize the thermal dependence of the relaxation time.

Conclusions

Structural and spectroscopic methods reveal that the Mn(IV) complex PhB(MesIm)3Mn≡N 

(2) is a rare example of a low spin (S = 1/2) d3 complex. Its degenerate electron 

configuration is subject to a Jahn-Teller distortion, which is manifested in 2 by bending of 

the B-Mn-N vector, similarly to the isoelectronic Fe(V) complex, [PhB(tBuIm)3Fe≡N]+.16 

Electronic structure calculations confirm the role of the spin-orbit coupling to stabilize an 

anisotropic ground doublet even in presence of the Jahn-Teller distortion. As the first excited 

doublet lies more than 2000 cm-1 above the ground state, SMM properties observed by ac 

susceptibility measurements cannot rely on an Orbach mechanism and even if the traditional 
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semi-logarithm τ vs T-1 presentation of the experimental data could suggest the contrary. A 

detailed analysis of the field and temperature dependence of the relaxation time supports the 

theoretical CASSCF+RASSI calculations, and highlights the key role of the quantum 

tunnelling mechanism in the slow dynamics of the magnetization in this S = ½ species. 

Additionally, the signature of Raman processes could be detected in the thermal variation of 

the relaxation time. Since theoretically the Jahn-Teller distortion significantly activates the 

quantum tunnelling mechanism, we anticipate that complexes where the structural distortion 

is smaller than in 2 will have much larger relaxation times. Investigations aimed at testing 

this hypothesis is currently in progress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

M.D. and J.M.S. acknowledge funding from Indiana University and the NSF (CHE-1112299). R.C., P.D. and M.R. 
thank the University of Bordeaux, the ANR, the Conseil Régional d’Aquitaine, and the CNRS for financial support. 
The XPS was funded by the NSF (DMR MRI-1126394). We thank the IU Nanoscale Characterization Facility for 
access to this instrument. ChemMatCARS Sector 15 is principally supported by the National Science Foundation/
Department of Energy under grant number NSF/CHE-0822838. Use of the Advanced Photon Source was supported 
by the U. S. Department of Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-
AC02-06CH11357. G.E.C. acknowledges Prof. Brian M. Hoffman (Northwestern University) for access to 
instrumentation and funding (NIH GM111097). D.A. thanks CONICYT + PAI “Concurso nacional de apoyo al 
retorno de investigadores/as desde el extranjero, convocatoria 2014 82140014” for financial support. M.A. and E.R. 
thank Ministerio de Economía y Competitividad for grant CTQ2015-64579-C3-1-P. M.A. acknowledges the 
Ministerio de Eduacación, Cultura y Deporte for an FPU predoctoral grant. E.R. thanks Generalitat de Catalunya 
for an ICREA Academia grant. Powered@NLHPC: This research was partially supported by the supercomputing 
infrastructure of the NLHPC (ECM-02). D.A. thanks Professor M. Atanasov from Max-Planck Institute for 
Chemical Energy Conversion for routines to perform AILFT analysis. We also thank Prof. Joshua Telser (Roosevelt 
University) and Prof. Brian M. Hoffman for their valuable insight.

Notes and references

1. Freedman DE, Harman WH, Harris TD, Long GJ, Chang CJ, Long JR. J Am Chem Soc. 2010; 
132:1224. [PubMed: 20055389] 

2. (a) Layfield RA. Organometallics. 2014; 33:1084.(b) Gómez-Coca S, Aravena D, Morales R, Ruiz 
E. Coord Chem Rev. 2015; 379:289–290.(c) Craig GA, Murrie M. Chem Soc Rev. 2015; 44:2135. 
[PubMed: 25716220] (d) Frost JM, Harriman KLM, Murugesu M. Chem Sci. 2016; 7:2470.

3. Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of Transition Ions. Dover; New York: 
1986. 

4. Gatteschi, D.; Sessoli, R.; Villain, J. Molecular Nanomagnets. Oxford University Press; Oxford: 
2006. 

5. Zadrozny JM, Xiao DJ, Atanasov M, Long GJ, Grandjean F, Neese F, Long JR. Nat Chem. 2013; 
5:577. [PubMed: 23787747] 

6. King DM, Tuna F, McMaster J, Lewis W, Blake AJ, McInnes EJL, Liddle ST. Angew Chem Int Ed. 
2013; 52:4921.

7. (a) Hino S, Maeda M, Yamashita K, Kataoka Y, Nakano M, Yamamura T, Nojiri H, Kofu M, 
Yamamuro O, Kajiwara T. Dalton Trans. 2013; 42:2683. [PubMed: 23303168] (b) Hino S, Maeda 
M, Kataoka Y, Nakano M, Yamamura T, Kajiwara. Chem Lett. 2013; 42:1276.(c) Le Roy JJ, 
Korobkov I, Kim JE, Schelter EJ, Murugesu M. Dalton Trans. 2014; 43:2737. [PubMed: 24366363] 
(d) Singh SK, Gupta T, Ungur L, Rajaraman G. Chem Eur J. 2015; 21:13812. [PubMed: 26262751] 
(e) Khélifa AB, Belkhiria MS, Huang G, Freslon S, Guillou O, Berno K. Dalton Trans. 2015; 
44:16458. [PubMed: 26314612] 

Ding et al. Page 11

Chem Sci. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8. Poulten RC, Page MJ, Algarra AG, Le Roy JJ, López I, Carter E, Llobet A, Macgregor SA, Mahon 
MF, Murphy DM, Murugesu M, Whittlesey MK. J Am Chem Soc. 2013; 135:13640. [PubMed: 
23971827] 

9. Lin W, Bodenstein T, Mereacre V, Fink K, Eichhöfer A. Inorg Chem. 2016; 55:2091. [PubMed: 
26900764] 

10. Shrivastava KN. Phys Status Solidi B. 1983; 117:437.

11. See for example: Chiorescu I, Wernsdorfer W, Müller A, Bögge H, Barbara B. Phys Rev Lett. 
2000; 84:3454. [PubMed: 11019113] Gomez-Coca S, Urtizbarea A, Cremades E, Alonso PJ, 
Camón A, Ruiz E, Luis F. Nat Commun. 2014; 5:4300. [PubMed: 24980875] Pedersen KS, 
Dreiser J, Weihe H, Sibille R, Johannesen HV, Sørensen MA, Nielsen BE, Sigrist M, Mutka H, 
Rols S, Bendix J, Piligkos S. Inorg Chem. 2015; 54:7600. [PubMed: 26201004] Tesi L, Lucaccini 
E, Cimatti I, Perfetti M, Mannini M, Atzori M, Morra E, Chiesa M, Caneschi A, Sorace L, Sessoli 
R. Chem Sci. 2016; 7:2074.Atzori M, Tesi L, Morra E, Chiesa M, Sorace L, Sessoli R. J Am 
Chem Soc. 2016; 138:2154. [PubMed: 26853512] 

12. Smith JM. Comments Inorg Chem. 2008; 29:189.

13. (a) Nieto I, Cervantes-Lee F, Smith JM. Chem Commun. 2005:3811.(b) Cowley RE, Bontchev RP, 
Duesler EN, Smith JM. Inorg Chem. 2006; 45:9771. [PubMed: 17112274] (c) Muñoz SB III, 
Foster WK, Lin HJ, Margarit CG, Dickie DA, Smith JM. Inorg Chem. 2012; 51:12660. [PubMed: 
23140462] (d) Lee WT, Dickie DA, Metta-Magaña A, Smith JM. Inorg Chem. 2013; 52:12842. 
[PubMed: 24152246] 

14. (a) Cowley RE, Bontchev RP, Sorrell J, Sarracino O, Feng Y, Wang H, Smith JM. J Am Chem Soc. 
2007; 129:2424. [PubMed: 17288417] (b) Nieto I, Ding F, Bontchev RP, Wang H, Smith JM. J Am 
Chem Soc. 2008; 130:2716. [PubMed: 18266366] (c) Smith JM, Subedi D. Dalton Trans. 2012; 
41:1423. [PubMed: 22113554] 

15. (a) Mathonière C, Lin H-J, Siretu D, Clérac R, Smith JM. J Am Chem Soc. 2013; 135:19083. 
[PubMed: 24313622] (b) Ding M, Rouzières M, Losovyj Y, Pink M, Clérac R, Smith JM. Inorg 
Chem. 2015; 54:9075. [PubMed: 26322964] 

16. (a) Scepaniak JJ, Vogel CS, Khusniyarov MM, Heinemann FW, Meyer K, Smith JM. Science. 
2011; 331:1049. [PubMed: 21350172] (b) Cutsail GE III, Stein BW, Subedi D, Smith JM, Kirk 
ML, Hoffman BM. J Am Chem Soc. 2014; 136:12323. [PubMed: 25137531] 

17. Stoll S, Schweiger A. J Magn Reson. 2006; 178:42. [PubMed: 16188474] 

18. (a) Neese F. Wiley Interdiscip Rev Comput Mol Sci. 2012; 2:73.(b) Aquilante F, Autschbach J, 
Carlson RK, Chibotaru LF, Delcey MG, De Vico L, Fdez Galvan I, Ferre N, Frutos LM, Gagliardi 
L, Garavelli M, Giussani A, Hoyer CE, Li Manni G, Lischka H, Ma D, Malmqvist PA, Muller T, 
Nenov A, Olivucci M, Pedersen TB, Peng D, Plasser F, Pritchard B, Reiher M, Rivalta I, Schapiro 
I, Segarra-Marti J, Stenrup M, Truhlar DG, Ungur L, Valentini A, Vancoillie S, Veryazov V, 
Vysotskiy VP, Weingart O, Zapata F, Lindh R. J Comp Chem. 2016; 37:506. [PubMed: 26561362] 

19. (a) Weigend F, Ahlrichs R. Phys Chem Chem Phys. 2005; 7:3297. [PubMed: 16240044] b Schaefer 
A, Horn H, Ahlrichs RJ. J Chem Phys. 1992; 97:2571.

20. (a) Angeli C, Cimiraglia R, Evangelisti S, Leininger T, Malrieu J-P. J Chem Phys. 2001; 
114:10252.(b) Angeli C, Cimiraglia R, Malrieu JP. Chem Phys Lett. 2001; 350:297.(c) Angeli C, 
Cimiraglia R, Malrieu J-P. J Chem Phys. 2002; 117:9138.

21. (a) Atanasov, M.; Ganyushin, D.; Sivalingam, K.; Neese, F. Structure and Bonding. Mingos, DMP.; 
Day, P.; Dahl, JP., editors. Vol. 149. Springer; Berlin: 2012. p. 220(b) Atanasov M, Aravena D, 
Suturina E, Bill E, Maganas D, Neese F. Coord Chem Rev. 2015; 289:177.

22. (a) Scepaniak JJ, Fulton MD, Bontchev RP, Duesler EN, Kirk ML, Smith JM. J Am Chem Soc. 
2008; 130:10515. [PubMed: 18630913] (b) Scepaniak JJ, Young JA, Bontchev RP, Smith JM. 
Angew Chem Int Ed. 2009; 48:3158.

23. Kropp H, King AE, Khusniyarov MM, Heinemann FW, Lancaster KM, DeBeer S, Bill E, Meyer 
K. J Am Chem Soc. 2012; 134:15538. [PubMed: 22920682] 

24. Colmenares C, Deutsch S, Evans C, Nelson AJ, Terminello LJ, Reynolds JG, Roos JW, Smith IL. 
Appl Surf Sci. 1999; 151:189.

25. Venugopal B, Nandan B, Ayyachamy A, Balaji V, Amirthapandian S, Panigrahi BK, Paramasivam 
T. RSC Adv. 2014; 4:6141.

Ding et al. Page 12

Chem Sci. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



26. Lee MT, Chang JK, Hsieh YT, Tsai WT, Lin CK. J Solid State Electrochem. 2010; 14:1697.

27. (a) Rossman GR, Tsay F-D, Gray HB. Inorg Chem. 1973; 12:824.(b) Arnold J, Wilkinson G, 
Hussain G, Hursthouse MB. J Chem Soc, Chem Commun. 1988:1349.

28. McNaughton RL, Chin JM, Weare WW, Schrock RR, Hoffman BM. J Am Chem Soc. 2007; 
129:3480. [PubMed: 17341079] 

29. (a) O’Connor CJ. Prog Inorg Chem. 1982; 29:203.(b) Myers BE, Berger L, Friedberg S. J Appl 
Phys. 1969; 40:1149.

30. Cole KS, Cole RH. J Chem Phys. 1941; 9:341.

31. Gómez-Coca S, Cremades SE, Aliaga-Alcalde N, Ruiz E. J Am Chem Soc. 2013; 135:7010. 
[PubMed: 23586965] 

32. Zadrozny JM, Atanasov M, Bryan AM, Lin CY, Rekken BD, Power PP, Neese F, Long JR. Chem 
Sci. 2013; 4:125.Lucaccini E, Sorace L, Perfetti M, Costes J-P, Sessoli R. Chem Commun. 2014; 
50:1648.

33. Fort A, Rettori A, Villain J, Gatteschi D, Sessoli R. Phys Rev Lett. 1998; 80:612.

Ding et al. Page 13

Chem Sci. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Qualitative illustration of the effect of the Jahn-Teller distortion on the d-orbital splitting in a 

four-coordinate Fe(V) nitride complex. Due to e-e- mixing, the extent of splitting need not 

be the same for both sets of e levels.16b

Ding et al. Page 14

Chem Sci. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(a) Synthesis of PhB(MesIm)3Mn≡N (2) and X-ray crystal structures of (b) 

PhB(MesIm)3MnII-Cl (1), and (c) PhB(MesIm)3MnIV≡N (2) with thermal ellipsoids shown 

at 50 % probability; H atoms are omitted for clarity. Black, blue, lilac, pink and green 

ellipsoids represent C, N, Mn, B and Cl atoms, respectively.
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Figure 3. 
X-band (9.37 GHz) continuous-wave EPR of 2 in solution (top) and suspended powder 

(middle) with simulations (red) collected at 20 K with 100 kHz field modulation (4 G 

modulation amplitude). The solution exhibits an axial EPR and is simulated by the following 

parameters: g = [g1, g2, g3] = [2.35, 1.973, 1.965]; A(55Mn) = [A1, A2, A3] = [300, 74, 202] 

MHz; EPR lw = [250, 85, 85] MHz. The suspended powder (slurry) exhibits very 

anisotropic EPR linewidths of the three conical g-values. An EPR simulation with isotropic 

linewidths (25 MHz) is shown (bottom) as a visual aid to the reader to identify the A3 

hyperfine features (dashed lines).
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Figure 4. 
High-resolution Mn 2p spectra of (a) PhB(MesIm)3Mn≡N (2) and (c) PhB(MesIm)3MnCl 

(1). The black line represents the experimental data, the red line shows the fit, and the blue 

line and green lines represent Mn 2p3/2 and Mn 2p1/2 components, respectively, while the 

brown line represents shake-up satellites. See Table S3 for fitting parameters. High-

resolution Mn 3s spectra of (b) PhB(MesIm)3Mn≡N (2) and (d) PhB(MesIm)3MnCl (1). The 

black line represents the experimental data, the red line shows fit, and the blue and green 

line represent Mn 3s split components. See Table S4 for fitting parameters.
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Figure 5. 
Temperature dependence of the χT product at 0.1 T (χ is defined as magnetic susceptibility 

equal to M/H per mole of 2). Inset: Field dependence of the magnetization below 8 K for 2 

(8-200 mT min-1). Solid lines are simulations discussed in the text.
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Figure 6. 
Left part: Frequency dependence of the real (χ’, top) and imaginary (χ”, bottom) parts of 

the ac susceptibility at 1.8 K at different dc-field between 0 and 1 T for a polycrystalline 

sample of 2. Solid lines are the best fit of the experimental data to the generalized Debye 

model.30 Right part: Temperature dependence of the magnetic parameters deduced from the 

fits of the χ’ vs. ν (blue dots) and χ” vs. ν (red dots) data shown in the left part of the 

figure using the generalized Debye model30 (ν : characteristic ac frequency; χ0- χ∞ : 

amplitude of the relaxation mode with χ0 and χ∞ being the in-phase ac susceptibilities in 

the zero and infinite ac frequency limits, respectively; α : the distribution of the relaxation). 

The solid lines are guides for the eyes.
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Figure 7. 
Temperature (left) and frequency (right) dependences of the real (χ’, top) and imaginary 

(χ”, bottom) parts of the ac susceptibility, between 1.8 and 15 K and between 10 and 10000 

Hz respectively, for 2 in a 0.45-T dc field. Solid lines are visual guides on the left part of the 

figure and are the best fit of the experimental data to the generalized Debye model.
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Figure 8. 
Left: Model complex for 2 used in the electronic structure calculations. Color code: Mn 

(magenta); N (blue); C (gray); B (orange); H (white). Right, top: main orbital configurations 

contributing to the ground state. Right, bottom: relation between components of the g tensor 

of the first two Kramers’ doublets (KD1 and KD2).
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Figure 9. 
Field (left, at 1.8 K) and temperature (right, at 0.45 T) dependences of the average relaxation 

time for 2 estimated from the Figures 6 and 7. The red lines are the best fit obtained with the 

theoretical approach developed in the text. Inset: Lowest two Kramers doublets and ab initio 
computed relaxation mechanism with the MOLCAS code (CASSCF+RASSI level). The 

thick black lines are Kramers doublets shown as a function of their magnetic moment, Mz, 

along the main anisotropy axis (z). The green arrows correspond to the quantum tunnelling 

mechanism (QTM) of ground and first excited states while purple arrow shows the 

hypothetical Orbach relaxation process. The red arrow indicates the transition between the 

ground and first KDs. The values close to the arrows indicate the matrix elements of the 

transition magnetic moments (above 0.1, an efficient spin relaxation mechanism is 

expected). Thus, this figure highlights that the QTM through the Kramers doublet ground 

state is dominating the relaxation process at low temperatures.
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