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ABSTRACT: The high-spin S = 2 Mn(III) complex [Mn-
{(OPPh2)2N}3] (1Mn) exhibits field-induced slow relaxation of
magnetization (Inorg. Chem. 2013, 52, 12869). Magnetic
susceptibility and dual-mode X-band electron paramagnetic
resonance (EPR) studies revealed a negative value of the zero-
field-splitting (zfs) parameter D. In order to explore the magnetic
and electronic properties of 1Mn in detail, a combination of
experimental and computational studies is presented herein.
Alternating-current magnetometry on magnetically diluted samples
(1Mn/1Ga) of 1Mn in the diamagnetic gallium analogue, [Ga-
{(OPPh2)2N}3], indicates that the slow relaxation behavior of 1Mn
is due to the intrinsic properties of the individual molecules of 1Mn.
Investigation of the single-crystal magnetization of both 1Mn and
1Mn/1Ga by a micro-SQUID device reveals hysteresis loops below 1
K. Closed hysteresis loops at a zero direct-current magnetic field are observed and attributed to fast quantum tunneling of
magnetization. High-frequency and -field EPR (HFEPR) spectroscopic studies reveal that, apart from the second-order zfs terms (D
and E), fourth-order terms (B4

m) are required in order to appropriately describe the magnetic properties of 1Mn. These studies
provide accurate spin-Hamiltonian (sH) parameters of 1Mn, i.e., zfs parameters |D| = 3.917(5) cm−1, |E| = 0.018(4) cm−1, B0

4 = B4
2 =

0, and B4
4 = (3.6 ± 1.7) × 10−3 cm−1 and g = [1.994(5), 1.996(4), 1.985(4)], and confirm the negative sign of D. Parallel-mode X-

band EPR studies on 1Mn/1Ga and CH2Cl2 solutions of 1Mn probe the electronic−nuclear hyperfine interactions in the solid state and
solution. The electronic structure of 1Mn is investigated by quantum-chemical calculations by employing recently developed
computational protocols that are grounded on ab initio wave function theory. From computational analysis, the contributions of
spin−spin and spin−orbit coupling to the magnitude of D are obtained. The calculations provide also computed values of the fourth-
order zfs terms B4

m, as well as those of the g and hyperfine interaction tensor components. In all cases, a very good agreement
between the computed and experimentally determined sH parameters is observed. The magnetization relaxation properties of 1Mn
are rationalized on the basis of the composition of the ground-state wave functions in the absence or presence of an external
magnetic field.

■ INTRODUCTION

The discovery of multinuclear metal complexes exhibiting slow
relaxation of magnetization, referred to as single-molecule
magnets (SMMs), has been a hallmark in the field of molecular
magnetism.1 These materials could potentially be used as
information storage or molecular spintronic devices for the
design of quantum computers,2−4 and they also exhibit
interesting magnetothermal properties.5 The desired character-
istics of multinuclear SMMs are a spin ground state with a
large total spin S6 and a large magnetic anisotropy, expressed
via its axial zero-field-splitting (zfs) component (D).7 These

two intrinsic electronic properties dictate the magnitude of the
thermal barrier (Δ) for the reversal of magnetization.
The S = 10 mixed-valence Mn(III,IV) complex

[Mn12O12(CH3CO2)16(H2O)4] was the first example of a
multinuclear complex exhibiting SMM behavior.8 Following
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this archetypal molecular magnetic system, a large number of
multinuclear complexes with large S spin ground states have
been explored.9 However, such multinuclear systems usually
exhibit only small magnetic anisotropies,10−12 counteracting
the favorable effect of a high S value on the magnitude of the
effective energy barrier due to which SMMs exhibit slow
relaxation of magnetization.13

In an alternative approach, research efforts have been
directed toward mononuclear complexes of lanthanides and
actinides exhibiting large magnetic anisotropy, as well as
blocking temperatures (TB)

14 approaching,15−17 or even
surpassing,18 that of liquid nitrogen (77 K). There has also
been an increased interest in exploring mononuclear transition-
metal-based complexes, by both experimental19−22 and
computational methods.23,24 Collectively, the above complexes
are referred to as either mononuclear SMMs or single-ion
magnets (SIMs).22

Despite the fact that a large number of multinuclear
manganese complexes exhibiting SMM behavior contain
Mn(III) centers,9,25 only since 2013 have mononuclear
Mn(III) complexes been shown to exhibit (field-induced)
slow relaxation of magnetization.19−22,26−40 Among these
compounds, the [Mn{(OPPh2)2N}3] complex (1Mn), initially
reported by Silvestru and co-workers,41 has been investigated
by some of us by direct- (dc) and alternating-current (ac)
magnetometry and dual-mode X-band electron paramagnetic
resonance (EPR) spectroscopy.28 These studies showed that
1Mn exhibits field-induced slow relaxation of its magnetization,
which is associated with the presence of zfs in this S = 2
system. The combination of dc magnetometry and X-band
EPR spectroscopic studies provided initial estimates of the zfs
parameters (D = −3.4 cm−1 and E/D = 0.11). Similar studies
by X-band EPR have been carried out on other S = 2 Mn(III)
compounds.42−48 However, it is not possible to accurately
determine, by dc magnetometry and/or X-band EPR alone, the
accurate values of all spin-Hamiltonian (sH) parameters,
namely, the g tensor as well as the axial D, rhombic E, and
higher-order (for S ≥ 2)49 zfs components. In the work
presented herein, high-frequency and -field EPR (HFEPR)
spectroscopy50−52 is employed, which has proven to be the
appropriate method of choice, allowing for a more accurate
determination of the sH parameters, including the higher order
zfs terms.26,27,48,53−73 This is of paramount importance
because both the rhombic E and higher order zfs terms
provide fast relaxation pathways.74,75 Moreover, in an effort to
probe the operating mechanism of magnetic relaxation,
magnetically diluted samples of 1Mn in the diamagnetic
analogue [Ga{(OPPh2)2N}3] (1Ga)

76 are prepared and
investigated by ac magnetometry and X-band EPR. These
studies reveal electronic−nuclear hyperfine interactions in the
magnetically diluted solid 1Mn/1Ga systems. Additionally,
single-crystal magnetization of both 1Mn and 1Mn/1Ga is
investigated by a micro-SQUID device. Last, the electronic
structure of 1Mn is probed by wave-function-based ab initio
quantum-chemical calculations, affording sH parameters and
probing the involvement of higher-order zfs terms in the
magnetization relaxation mechanism of 1Mn. When the above
experimental and computational findings are combined, the
underlying factors imparting field-induced slow relaxation of
magnetization in this S = 2 octahedral Mn(III) complex are
discerned and discussed.

■ MATERIALS AND METHODS
Chemical Synthesis. Compounds 1Mn

28,41 and 1Ga
76 were

prepared by following the procedures reported in the literature.
Magnetically diluted 1Mn/1Ga samples containing 10, 20, and 50% of
1Mn were prepared by mixing at the required ratio and coprecipitating
CH2Cl2 solutions of 1Mn and 1Ga by a ca. 15-fold excess of n-hexane
under vigorous stirring. Single crystals of 1Mn and 1Mn/1Ga were
obtained by employing the layering method and CH2Cl2/n-hexane
(1:4) as the solvent system.

Elemental Analysis of Mn and Ga. The Mn and Ga contents of
the magnetically diluted samples were determined by microwave
plasma atomic emission spectrometry (MP-AES). An Agilent 4210
MP-AES device (Agilent, Santa Clara, CA), equipped with an Inert
One Neb nebulizer and a double-pass glass cyclonic spray chamber,
was employed. For this purpose, 20 mg of each of the magnetically
diluted systems 1Mn/1Ga were mixed with 5 mL of 65% (w/w)
HNO3(aq) (Suprapur, Merck Millipore), and the mixture was heated
until complete digestion. The clear solution was transferred into a
50.00 mL volumetric flask and diluted with Millipore water. The
measurements were carried out on samples taken from this solution.
The instrumental/measurement parameters (Table S1) and the
results (Table S2) are provided.

sH of S = 2 Systems. The zfs, expressed in terms of the axial-
component D tensor, is the leading sH parameter for systems with a
spin ground state S ≥ 1.77 The zfs describes lifting of the degeneracy
of the 2S + 1 magnetic sublevels MS = S, S − 1, ..., −S, which, in the
absence of an external magnetic field, are exactly degenerate at the
level of the Born−Oppenheimer Hamiltonian. To first order in
perturbation theory, the zfs arises from the direct magnetic-dipole
spin−spin interaction between unpaired electrons (spin−spin
coupling, SSC). To second order, the contributions arise from the
spin−orbit coupling (SOC) between electronically excited states and
the ground state. In order to describe the magnetic and EPR
properties of an S = 2 system in perfect or near Oh symmetry, for the
zfs terms, spin operators up to fourth order (n = 4) need to be
considered, besides the electron and nuclear Zeeman and electron−
nuclear hyperfine interactions. Collectively, these interactions are
presented in the sH shown in eq 1:

β

β

= + [ − + ] + − +

+ + + −

H B S D S S S E S S B O
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4
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4
2
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4
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(1)

in which β is the Bohr magneton, B is the magnetic field, g is a tensor,
D and E are the axial and rhombic second-order zfs terms,
respectively, O4

m are the fourth-order zfs operators (Stevens
operators), B4

m are the fourth-order zfs parameters, and A is the
hyperfine interaction tensor between the electronic spin of the S = 2
complex and the nuclear spin of the I = 5/2

55Mn nucleus.49 Τhe
higher-order terms of the zfs can be derived using group theoretical
arguments for perfectly cubic systems.78 The last term of eq 1
represents the nuclear Zeeman term, which is usually neglected.

Magnetometry. ac magnetometry experiments were carried out
on a Quantum Design PPMS magnetometer, using an oscillating
magnetic field (Hac) of 10−4 T (1.0 Oe). Magnetization hysteresis
loops on single crystals of 1Mn and 10% 1Mn/1Ga were measured by
employing a micro-SQUID instrument in the temperature ranges of
0.03−5.0 and 0.03−1.1 K, respectively, and at field sweep rates
varying in the range of 0.004−0.280 T s−1.79,80

EPR Spectroscopy. HFEPR. HFEPR spectra were recorded using
a spectrometer based on a 15/17 T superconducting magnet, differing
from that already described81 only by the use of a Virginia Diodes Inc.
source operating at a base frequency of 12−14 GHz and increased by
a cascade of multipliers. Alternatively, a backward-wave oscillator was
used as a source of the highest frequencies (600−700 GHz). The
spectra and their frequency dependencies were simulated using the
software SPIN from Dr. A. Ozarowski (NHMFL).

Dual-Mode X-Band EPR. Dual-mode X-band EPR measurements
were carried out on an upgraded Bruker ER-200D spectrometer
equipped with an Oxford ESR 900 cryostat, an Anritsu MF76A
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frequency counter, and a Bruker 035 M NMR gaussmeter. Either the
perpendicular-mode standard cavity 4102ST or the dual-mode cavity
4116DM was used, which allows EPR to be run with the microwave
magnetic field B1 oscillating perpendicular or parallel to the external
magnetic field B, respectively. The spectra were simulated by using
the SpinCount package (Prof. M. P. Hendrich, Carnegie Mellon
University).
Computational Details. All calculations were carried out using the

ORCA 4.082 quantum chemistry computational package. Geometry
optimization and frequency calculations were done by employing the
BP86 functional,83,84 the Ahlrichs polarized basis set def2-TZVP,85−87

and Grimme’s dispersion correction D3.88,89 The resolution-of-
identity approximation was employed with the auxiliary basis set
def2-TZVP/J in order to speed up the calculations.90 The sH
parameters were computed using the state-averaged complete-active-
space self-consistent field (SA-CASSCF)91,92 in conjunction with the
N-electron valence perturbation theory to second order
(NEVPT2)93,94 and spectroscopic oriented configuration interaction
(SORCI)95 in an effort to recover the missing dynamical correlation.
The segmented all-electron relativistically contracted version96 of
Ahlrichs polarized basis set def2-TZVP85−87 and the second-order
Douglas−Kroll−Hess97 (DKH) relativistic Hamiltonian were em-
ployed to account for the scalar relativistic effects. The active space
was chosen to contain four electrons in five Mn 3d-based molecular
orbitals (MOs). All states arising from the d4 configuration (5
quintets, 30 triplets, and 10 singlets) were taken into account. SOC
along with the Zeeman interaction can be introduced in the
framework of quasi-degenerate perturbation theory (QDPT). In the
QDPT scheme, SOC and Zeeman interactions act as a perturbation
to the nonrelativistic Hamiltonian.98 In this approach, the SOC
operator is approximated by the spin−orbit mean-field (SOMF)
operator,98 which is an effective one-electron operator that contains
one- and two-electron SOC integrals and also incorporates the spin−
other orbit interaction. The SOC was treated using SOMF,99 as
implemented in ORCA. The second-order contributions to the g
tensor, zfs, and hyperfine coupling constant (hfcc) sH parameters
were computed in the framework of the effective Hamiltonian
approach100,101 as well as the sum over states (SOS) approach.102,103

The Fermi contact (FC) and spin dipolar (SD) were computed in the
framework of linear-response (LR) theory,104 where the involved
unrelaxed response spin densities are computed by employing the
domain local pair natural orbital couple cluster singles and doubles
(DLPNO−CCSD) level of theory.105,106 For these calculations,
deconstructed versions of the above basis sets were used.

■ RESULTS AND DISCUSSION

Molecular Structure. The molecular structure of 1Mn is
shown in Figure 1.28,41 The MnO6 core of 1 exhibits an
elongated octahedral geometry, due to Jahn−Teller distortion,
with average axial and equatorial Mn−O bond distances of

2.159 and 1.933 Å, respectively.28 Additional distortions to the
MnO6 core are imposed by the second coordination sphere
involving the 12 phenyl rings of the three chelating ligands.107

This is reflected in the magnitude of the axial and equatorial
O−Mn−O angles, which deviate from linearity by 2−5°. As a
result, the local symmetry of the MnO6 core is lower than D4h.
This lowering of symmetry is expected to affect the magnitude
of the D, E, and higher-order zfs terms, which control the
magnetization relaxation of complex 1Mn.

Quantification of the Mn and Ga Contents. Τhe Mn
contents of the nominally 10, 20, and 50% magnetically diluted
1Mn/1Ga systems were determined to be 8.7 ± 0.6, 19.6 ± 0.8,
and 44.8 ± 0.8%, respectively, by MP-AES (Table S2).

ac Magnetometry. In most of the 3d-based SIMs,
application of an external dc magnetic field is needed to
induce slow magnetic relaxation,21 except for some interesting
exceptions of Fe(I), Fe(III), and Co(II) complexes.22 Field-
induced slow magnetic relaxation of powdered samples of 1Mn
has already been probed by means of ac magnetometry.28

These observations prompted us to study the magnetic
behavior of magnetically diluted 1Mn/1Ga samples containing
20 or 50% 1Mn. Magnetic dilution has been employed to probe
possible intermolecular interactions in slow-relaxing systems,
such as Co(II),108−110 Ni(II),111 and U(III)112 complexes. To
the best of our knowledge, this is the first report of the effects
of magnetic dilution on the relaxation properties of
mononuclear Mn(III) complexes. The χT product of the 20
and 50% 1Mn/1Ga at T > 30 K amounts to 4.94 × 10−4 and
1.10 × 10−3 cm3 g−1 K, respectively. These values correspond
to ∼22 and 48% of the value for complex 1Mn (2.30 × 10−3

cm3 g−1 K)28 and are in reasonable agreement with the Mn
content of the corresponding 1Mn/1Ga systems, as determined
by MP-AES (vide supra; Table S2).
The spin-relaxation properties of the magnetically diluted

1Mn/1Ga samples were monitored by ac magnetometry, either
in the absence or in the presence of a dc magnetic field. As was
also the case for complex 1Mn,

28 no out-of-phase signals were
observed in the absence of an external magnetic field.
However, slow relaxation was induced in the presence of
external magnetic fields (Figures 2 and S1). Similar with

Figure 1. Molecular structure of 1Mn.
28,41 Color code: Mn, purple; O,

red; P, orange; N, blue; C, gray; H, white.

Figure 2. Temperature and frequency dependence of the real (χ′; top
curves) and imaginary (χ″; bottom curves) parts of the magnetic
susceptibility of 20% 1Mn/1Ga in the presence of a dc field of 0.2 T.
Solid lines are guides to the eye.
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complex 1Mn, no maximum was observed for χ″ down to 2 K
(Figures 2 and S1), which is the lowest temperature of our
experimental setup for both 1Mn and 1Mn/1Ga. Because of this,
it was not possible to determine accurately the relaxation time
and its exact temperature dependence. An estimate may be
provided by examining the dependence of the quantity ln(χ″/
χ′) as a function of 1/T for various values of the external dc
magnetic field. In Figures 3 and S2, representative plots are

shown, on the basis of data obtained at a magnetic field of 0.2
T for 20 and 50% 1Mn/1Ga, respectively. Similar plots obtained
at different dc magnetic fields are shown in Figures S3−S14.
These studies revealed that ln(χ″/χ′) depends almost linearly
on 1/T in the 2.4−3.5 K temperature range. As in our previous
report,28 the data were analyzed by using eq 2:113

χ χ πντ″ ′ = + Δ k Tln( / ) ln(2 ) /0 b (2)

From analysis of the experimental data on the basis of eq 2
for various values of an external magnetic field, the values for τ0
and Δ were obtained and are listed in Table S3. The
preexponential factors τ0 of 50 and 20% 1Mn/1Ga amount to
(1.1−2.7) × 10−8 and (0.8−2.0) × 10−8 s, respectively.
Correspondingly, the magnitudes of the thermal barrier Δ are
10.3(6) and 11.6(2) cm−1, respectively. The values of the
preexponential factor and thermal barrier Δ are similar to the
values determined for 1Mn

28 (Table S3). The studies presented
herein demonstrate that the magnetically diluted 1Mn/1Ga
systems exhibit magnetic relaxation properties similar to
those of the undiluted complex. This finding provides
compelling evidence that the magnetic relaxation behavior of
1Mn is governed by the intrinsic properties of the individual
molecules of 1Mn and not by intermolecular magnetic
interactions.
Single-Crystal Micro-SQUID Studies. In order to gain

further insight into the low-temperature slow magnetic
relaxation behavior, single-crystal magnetic studies on 1Mn
and 10% 1Mn/1Ga were performed using a micro-SQUID
instrument. Magnetization (M) versus magnetic field plots are
shown in Figures 4 and S15, respectively. Hysteresis loops
were observed below 1 K, which became more pronounced
with increasing sweep rate and decreasing temperature.
However, the loop at 0.03 K was smaller than those at 0.1−

0.5 K. Similar phenomena have been observed for other
Co(II)114−116 and Mn(III)27-based SIMs, which are due to the
effect of the high tunneling rate at 0.03 K. Besides, the
observed closed hysteresis loop at zero dc field could be
attributed to fast quantum tunneling of magnetization. This is
consistent with the ac magnetic susceptibility measurements
(vide supra). It has been shown that this behavior is attributed
to direct spin transitions between the magnetic sublevels |S,
MS⟩

117 that have been reported for other mononuclear
Mn(III) complexes.27 In the following Quantum-Chemical
Calculations section Magnetic Sublevels Analysis and Selection
Rules, this phenomenon will be further discussed (vide infra).
In the micro-SQUID experiment, the magnetic field was

aligned with the mean easy axis of magnetization using the
transverse field method, as previously described,118 which
allowed us to confirm that the zfs parameter D of 1Mn is
negative.

HFEPR Spectroscopy. The S = 2 complex 1Mn was
previously studied by dc magnetometry, which provided an
estimate of the sH parameters g and D. In addition, simulations
of parallel-mode X-band EPR spectra of complex 1Mn revealed
an involvement of E and/or fourth-order zfs terms, but their
relative contributions were not conclusively established.28 To
this end, complex 1Mn was studied by HFEPR spectroscopy
within the current work in order to accurately determine its sH
parameters.
Technical details concerning the sample preparation and

acquisition of HFEPR spectra are presented in the Supporting
Information. Typical single-frequency HFEPR spectra of 1Mn
are shown in Figures 5 and S16−S18. On the basis of these
data, a standard field versus frequency two-dimensional map119

was constructed. This is shown in Figure 6, in which the
squares are experimental points, while the lines were drawn
using best-fitted sH parameters including fourth-order zfs
terms, as follows: S = 2, |D| = 3.917(5) cm−1, |E| = 0.018(4)
cm−1 (E/D = 0.0046), B4

0 = B4
2 = 0, B4

4 = (3.6 ± 1.7) × 10−3

cm−1, and g = [1.994(5), 1.996(4), 1.985(4)]. The inclusion of
the finite fourth-order zfs parameter B4

4 noticeably improved
the fit quality.
The accuracy of the sH parameters was confirmed by

simulating single-frequency spectra (Figures 5 and S17 and
S18). This endeavor also allowed us to unequivocally
determine the sign of D. While the spectra at moderate

Figure 3. ln(χ″/χ′) versus 1/T plots for 20% 1Mn/1Ga in the presence
of a dc field of 0.2 T. Solid lines are fits obtained by eq 2.

Figure 4. Field dependence of the normalized magnetization of 1Mn in
the temperature range 0.03−5 K at field sweep rate of 0.14 T s−1.
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frequency (203 GHz, Figure S17) still show some ambiguity in
this respect, those recorded at 406 and 633 GHz (Figures S18
and 5, respectively) leave no doubt about the negative sign of
D. This finding confirms the fact that tetragonally-elongated
(due to Jahn−Teller distortion effects) Mn(III) complexes

exhibit negative D.51 The notable exception of the Mn(III)
complex [Mn(cyclam)I2]I (cyclam = 1,4,8,11-tetraazacyclote-
tradecane), which exhibits a positive D despite being
tetragonally elongated, was attributed to significant SOC
effects of its heavy I− ligand.70

Dual-Mode X-Band EPR Spectroscopy. At X-band EPR
of an S = 2 spin state, the observed transitions arise from the
|MS⟩ = |±2⟩ quasi-doublet. In order for such transitions to be
observed, mixing between the |−2⟩ and |+2⟩ spin sublevels is
required. This mixing can occur through the rhombic second-
order term E and/or the fourth-order zfs terms. Because both
terms result in similar effects (see the related analysis in the
Supporting Information), X-band spectra alone cannot
unequivocally distinguish the relative contribution of each
parameter. X-band EPR spectra can be used to quantitatively
determine the contribution of the fourth-order terms, provided
that the contribution of the other terms had been previously
determined by analysis of the HFEPR spectra.59 In previous
work reported by some of us, the parallel-mode X-band EPR
spectra of 1Mn were simulated by considering an |E| value of
0.387 cm−1 and neglecting the fourth-order terms.28 However,
the HFEPR studies reported herein clearly indicate that E is
smaller by a factor of 20 (0.018 cm−1), and using this value and
ignoring fourth-order terms, the X-band EPR spectra cannot be
reproduced even approximately. In particular, the simulated
position of the resonance corresponds to a smaller geff value
(very close to the value of 4gz) than the one observed. In
addition, at this limit, the resonance involves a transition
between almost pure |−2⟩ and |+2⟩ spin sublevels and the
transition probability is prohibitively low, rendering them
practically unobservable with our setup (see the related
analysis in the Supporting Information). Inevitably, fourth-
order zfs terms need to be incorporated in the sH. From the
HFEPR spectra, the parameters D and E and the g tensor were
determined with great accuracy. In addition, out of the three
fourth-order zfs terms, only B4

4 was shown to contribute. On
the basis of these findings, subsequent analysis of the parallel-
mode X-band EPR spectra provided Az and the fourth-order
parameter B4

4. The spectrum of the complex 1Mn was
simulated (Figure 7A) by assuming Az = 155 MHz and B4

4

= 4.2(2) × 10−3 cm−1 (Table S4). The value of B4
4 agrees well

with that determined (albeit less precisely) by HFEPR and is
of the same order of magnitude as that observed for other
mononuclear S = 2 Mn(III) complexes.27,48,57,59,63,65 Similarly,
the Az value is consistent with a tetragonally elongated Mn(III)
octahedral coordination sphere exhibiting a 5B1g electronic
ground state (vide infra).65,120−122

The specific line shape of the parallel-mode signal is
determined by the hyperfine interactions. However, no
hyperfine lines were resolved in the 4.2 K spectrum of
complex 1Mn

28 (Figure 7A) because of broadening mechanisms
that smear them out. These broadening mechanisms may
involve distributions in the zfs parameters and/or inter-
molecular interactions in the solid state. In Figure 7B, the 4.2
K parallel-mode X-band EPR spectrum of 20% 1Mn/1Ga is
shown. Importantly, the dilution at this level increased the
resolution of the hyperfine lines. The line shape can be
modeled by changing the intrinsic line widths in the
simulations. For the spectrum shown in Figure 7A, the
intrinsic line width used was 3.0 mT, whereas for the spectrum
shown in Figure 7B, the intrinsic line width was 2.0 mT. These
data indicate that the broadening mechanism involves weak
intermolecular interactions, either through static dipolar

Figure 5. HFEPR spectrum of a pellet of complex 1Mn obtained at 10
K and 633 GHz (black trace) accompanied by its simulations using
the sH parameters listed in the text. The red trace represents positive
D and the blue trace negative D. The parameter E was assigned the
same sign as D, by convention. The apparent doubling of the 2.5 and
10.2 T turning points is a result of a residual torqueing effect not fully
prevented by pressing a pellet (Figure S16).

Figure 6. Two-dimensional magnetic field versus frequency map of
resonances for complex 1Mn. The squares are experimental points,
while the lines were drawn using the best-fitted sH parameters, as
listed in the text. Red lines: turning points with B0||x. Blue lines: B0||y.
Black lines: B0||z. Green lines: off-axis turning points. The parallel-
mode resonance obtained at the X-band28 is included in the map at
9.3 GHz. The three dashed vertical lines represent the frequencies at
which spectra shown in Figures S17 and S18 and 5, in increasing
order, were recorded.
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interactions or spin relaxation that affects the intrinsic line
width of the transitions. These interactions are much weaker
than those required to affect the ac magnetometry measure-
ments presented above. Magnetic dilution reduces these
interactions, and the hyperfine lines are better resolved.
Ideally, good isolation between molecules can be achieved

also in solution. A spectrum of a frozen CH2Cl2 solution of 1Mn
at ca. 4 mM concentration is shown in Figure 7C. The
spectrum comprises impressively narrow lines (full width at
half-maximum, ∼0.6 mT) superimposed on a broad back-
ground. Narrow lines in parallel-mode X-band EPR spectra of
frozen solutions of Mn(III) complexes are not unprecedented
in the literature,44,65,121−123 but in the present case, the
narrowness of the lines allows for the resolution of additional
subtler features. Apart from the dominating strong sextet,
additional lines can be readily recognized. Overall, the lines of
the spectrum can be grouped in four sextets and represent S =
2 Mn(III) species of slightly different conformations,
exhibiting different zfs parameters. In order to keep the
number of variables as small as possible, we assumed that the
four sites are characterized by the same D, E, and gz
(determined for the powder samples of 1Mn) and we vary Az
and B4

4. The spectra can be reproduced with the parameters
listed in Table S4. The positions of the lines of the four sextets
are shown by the colored stick diagrams in Figure S20. In
addition, analysis yielded the relative abundance of these
different species. The majority species account for ∼80% of the
S = 2 sites and are characterized by the smallest B4

4 parameter.
The minority species represent a rather small fraction of the
centers and are characterized by larger values of the B4

4

parameter. Despite their small abundance, the presence of
the minority species can be manifested and quantified in the
spectra because the transition probability increases significantly
as B4

4 increases (see the related analysis in the Supporting
Information). The extremely narrow line widths indicate a
well-defined environment for each species. In the powder
samples, the existence of distinct species cannot be revealed in
the spectra and the main broadening mechanism involves

intermolecular interactions. Up to now, the full 55Mn(III)
hyperfine coupling tensor with its orientation has been
determined only for magnetically diluted [Mn(H2O)6]

3+.48,65

The work presented herein provides additional data of
hyperfine coupling in both solution and the solid state of an
S = 2 Mn(III) complex, which serve as computational
benchmark values (vide infra).

Quantum-Chemical Calculations. Electronic Structure.
Complex 1Mn containing an approximate D4h MnO6 first
coordination sphere exhibits a 5B1g ground state of the electron
configuration eg(dxz/yz)

2b2g(dxy)
1a1g(dz2)

1b1g(dx2−y2)
0. The im-

portant single-electron excitations, depicted in Figure 8, are of

spin-conserving and spin-flip character. Spin-conserving
excitations arise from the singly occupied molecular orbitals
(SOMOs) to the dx2−y2 (b1g) virtual molecular orbital (VMO),
namely, 5A1g(dz2→dx2−y2),

5B2g(dxy→dx2−y2), and
5Eg(dxz/yz→

dx2−y2). By contrast, spin-flip excitations arise from single
excitations within the SOMOs, namely, 3B1g(dxy→dz2),
3Eg(dxz/yz→dz2),

3Eg(dxz/yz→dxy), and 3A1g,
3A2g,

3B1g, and
3B2g(dxz/yz→dxz/yz).

g Values. The g values were computed on the basis of the
effective Hamiltonian approach,101 in the framework of SA-
CASSCF/NEVPT2 and SA-CASSCF/SORCI calculations.
The SA-CASSCF/NEVPT2 calculations were performed on
the full structure of 1Mn,

28,41 while the SA-CASSCF/SORCI
calculations were performed on a truncated model, H1Mn, in
which the phenyl groups were replaced by hydrogen atoms. As
shown in Table 1, all g values are in good agreement with those
determined by the HFEPR measurements (vide supra),
reflecting the tetragonally-elongated Mn(III) coordination

Figure 7. Parallel-mode X-band EPR at 4.2 K of powdered samples of
1Mn (A), magnetically diluted sample 20% 1Mn/1Ga (B), and a frozen
solution of 1Mn in CH2Cl2 (C). EPR conditions: modulation
amplitude, 0.1 mTpp (A and B) and 0.5 mTpp (C); microwave
power, 2.0 mW; microwave frequency, 9.3 GHz. The perpendicular-
mode X-band spectra are shown in Figure S19.

Figure 8. Metal d-based molecular orbitals and term symbols arising
from single-electron excitations for 1Mn. The indicated orbital
occupation pattern refers to the 5B1g ground state.

Table 1. Calculated g-Tensor Parameters for the Complex
1Mn and Model H1Mn

model method gx gy gz

1Mn CASSCF 1.997 1.997 1.995
NEVPT2 1.997 1.998 1.996

H1Mn CASSCF 1.996 1.996 1.993

NEVPT2 1.997 1.998 1.995
SORCI 1.998 1.999 1.997
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environment. In particular, all g values are smaller than 2.0,
which is consistent with the less than half-filled d4 electronic
configuration of Mn(III). In fact, the main contribution to the
computed g values is due to the SOMO−VMO single-electron
excitations.124 In particular, quintet states that are dominated
by the z-polarized 5A1g(dz2→dx2−y2) electron excitation and the
xy- and z-polarized 5B2g(dxy→dx2−y2) and 5Eg(dxy/yz→dx2−y2)
electron excitations provide the major contributions to the gz
and gxy values, respectively.
zfs. For calculation of the zfs parameters, the effective

Hamiltonian approach101 was similarly employed in the
framework of SA-CASSCF/NEVPT2 and SA-CASSCF/
SORCI calculations on the full structure of 1Mn

28,41 and the
truncated model H1Mn, respectively. It should be mentioned
that, as has been shown repeatedly in the concept of the above
employed ab initio wave function computational protocols, the
many-particle states are treated to infinite order.23,107,117,125

Hence, it is possible to extract the predominant contributions
to the zfs. The results, listed in Table 2, show that in all cases
the second-order contributions (DSOC) are negative. Analysis
of the data shows that the spin-conserving and spin-flip
excitations contribute to DSOC by 35% 5B2g(dxy→dx2−y2), 15%
5Eg(dxz/yz→dx2−y2), and 50% 3B1g(dxy→dz2), respectively.
According to the SA-CASSCF/NEVPT2 and SA-CASSCF/
SORCI calculations, the first-order contributions (DSSC) are
about 10% of the respective second-order contributions, which
is consistent with the findings of reported studies on other
octahedral Mn(III) complexes.126,127 On the basis of the SA-
CASSCF/NEVPT2 and the SA-CASSCF/SORCI calculations,
the calculated |D| (DSSC + DSOC) parameter ranges between
3.60 and 3.80 cm−1, with E/D being equal to 0.01. These
results are in good agreement with the data obtained by
HFEPR (vide supra).
In a second step, the calculated model interaction matrix of

the effective Hamiltonian was mapped by using the following
model Hamiltonian:

It has been shown that, in this way, information with respect
to the higher than second-order zfs terms B4

0, B4
2, and B4

4, can
be obtained.128 The data listed in Table 2 show that, in all
cases, the B4

0 and B4
2 terms are negligible (<10−6 cm−1) and

the main contributions (1.6−2.6) × 10−3 cm−1 arise from the
B4

4 terms. These values are also consistent with the EPR
experimental observations (vide supra), as well as with

previously reported experimental and computational stud-
ies.101,128

hfcc Values. Hyperfine interaction contains three contribu-
tions of different physical origins, namely, the isotropic Fermi
contact term (AFC), the traceless spin-dipolar term (ASD), and
the spin−orbit coupling term (ASOC).49 While AFC and ASOC

are proportional to the spin population of the nucleus of
interest (the Mn center) and the g values, ASD can be thought
of as a measure of the deviation of the spin density from the
spherical symmetry. In the case of complex 1Mn and the
truncated H1Mn model, the g values are essentially isotropic and
close to the electron g value (∼2.0). This suggests that the
conditions of quenched orbital angular momentum are met
and, hence, the ASOC contributions to the hfcc values are
expected to be negligible.
The accuracy of the computed hfcc values is closely

associated with accurate determination of the FC term
(AFC).106,120,129−132 We have recently shown that, for a
number of mononuclear complexes, accurate AFC and ASD

can be obtained in the framework of LR theory,104 where the
involved unrelaxed response spin densities are computed by
employing the DLPNO−CCSD level of theory.105,106 Hence,
in the following, the AFC and ASD values were computed at the
DLPNO−CCSD level of theory, while the ASOC values for 1Mn
were estimated by CASSCF/NEVPT2 calculations by employ-
ing the effective Hamiltonian approach. On the other hand, the
ASOC values of H1Mn were estimated by SORCI calculations
employing the SOS approach.
The 55Mn hfcc values computed for the 1Mn and H1Mn

systems are presented in Table 3. For 1Mn and H1Mn,
Axy(Axy

Total) ranges between −254 and −264 MHz, while
Az(Az

Total) ranges between −154 and −158 MHz. The latter
value is in very good agreement with the Az value determined
by parallel-mode EPR experiments (Az = |155| MHz, vide
supra). In general, these values are consistent with a Mn(III)

Table 2. Calculated zfs Parameters for the Complex 1Mn and Model H1Mn

model method DSSC (cm−1) DSOC (cm−1) E/D B4
0 (×10−3 cm−1) B4

2 (×10−3 cm−1) B4
4 (×10−3 cm−1)

1Mn CASSCF −0.41 −3.35 0.01 0.001 0.001 2.3
NEVPT2 −0.42 −3.12 0.01 0.001 0.001 1.8

H1Mn CASSCF −0.43 −3.45 0.01 0.001 0.001 2.6

NEVPT2 −0.44 −3.10 0.01 0.001 0.001 1.6
SORCI −0.45 −3.21 0.01 0.001 0.001 2.1

Table 3. Calculated hfcc x, y, and z Parameters (ATotal) for
Complex 1Mn and the Truncated Model H1Mn, together with
the FC (AFC), SD (ASD), and SOC (ASOC) Contributions

model hfcc x (MHz) y (MHz) z (MHz)

1Mn AFCa −220 −220 −220
ASDa −35 −35 72
ASOCb −1 −1 −5
ATotal −254 −254 −154

H1Mn AFCa −230 −230 −230
ASDa −33 −33 76
ASOCc −1 −1 −5
ATotal −264 −264 −158

aAFC and ASD are estimated from DLPNO−CCSD computations for
both 1Mn and the model H1Mn.

bIn the case of 1Mn, A
SOC is estimated

from CASSCF/NEVPT2 calculations employing the effective
Hamiltonian approach. cIn the case of H1Mn, A

SOC is estimated from
SORCI calculations employing the SOS approach.
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center in a tetragonally-elongated octahedral coordination
environment.44,46,65,120,133

In a further step, the computed hfcc values were analyzed in
terms of FC, SD, and SOC interactions. Analysis of the
individual contributions reveals that, in both 1Mn and H1Mn,
the FC term (AFC) is predominant (>85%). By contrast, the
SOC contribution to the hfcc values (ASOC), as expected for an
Mn(III) Oh center, is negligible (<1%). The SD part amounts
to Axy

SD ∼ −35 MHz and Az
SD ∼ 72 MHz for 1Mn and Axy

SD ∼
−33 MHz and Az

SD ∼ 76 MHz for H1Mn. In fact, because all g
values are <2, Az

SD and Az
SD have different signs. Taking into

account that AFC < 0 and that ASOC is negligible, the following
relations apply: Axy

SD < 0 and, hence, Axy
Total < AFC, while Az

SD > 0
and, hence, Az

Total > AFC. As in many first-row transition
mononuclear complexes,44,46,102,120−122,133 one can conclude
that the ATotal anisotropy is directly associated with the ASD

anisotropy arising from the asymmetry of the spin-density
distribution in the singly occupied valence orbitals.
Magnetic Sublevels Analysis and Selection Rules. The

magnetic relaxation properties of 1Mn are discussed in both the
framework of the sH and the many-particle-Hamiltonian
approximations.
i. sH. Within the framework of the sH, the five magnetic

sublevels |Ψ0−4⟩ that describe the physical system are a linear
combination of the five |MS⟩ states. By using the zfs parameters
determined experimentally on the basis of eq 1, the energies of
the |Ψ0−4⟩ states, as well as the |MS⟩ compositions of the |Ψ0−4⟩
states, in the absence (Table S5) and in the presence of 0.1 T
(Tables S6−S8) and 1.0 T (Tables S9−S11) external magnetic
fields, are shown in the Supporting Information. The chosen
magnetic field values are indicative; the 0.1−1.0 T field range
corresponds to the field values used to probe the magnetic
relaxation in the ac susceptibility measurements. Moreover, the
0.1 T value is close to the value of the magnetic field where the
parallel-mode EPR signal is observed at the X-band. In the
presence of a magnetic field, the wave functions are listed along
the principal x, y, and z axes. As can be seen, at 0 T the
compositions of states |Ψ0,1⟩, |Ψ2,3⟩, and |Ψ4⟩ amount to |±2⟩,
|±1⟩, and |0⟩ MS states, respectively. Along the z axis, the state
splitting amounts to 0.38 cm−1 (on the order of the microwave
energy at the X-band) at 0.1 T and reaches a value of 3.7 cm−1

at 1 T. At this field, the composition of states |Ψ0−4⟩ contains
pure (>99%) contributions from the |−2⟩, |+2⟩, |−1⟩, |+1⟩, and
|0⟩ MS states.
The magnetic relaxation phenomenon is associated with the

transitions between the |Ψ0−4⟩ states. These transitions occur
for nonzero values of the quantity TPij,x,y,z = β2|⟨ψi|
gx,y,zSx,y,z|ψj⟩|

2 (i = 0−4).49 By using the values listed in Tables
S5−S11, the quantities TP0j,x, TP0j,y, and TP0j,z and the average
TP0j = (TP0j,x + TP0j,y + TP0j,z)/3 for the transitions between
the |Ψ0⟩ and |Ψ1−4⟩ states can be calculated and are listed in
Table S12. The |Ψ0⟩ → |Ψ1⟩ transition corresponds essentially
to spin reversal (from MS = −2 to +2). The dependence of the
probability for this particular transition on the magnetic field is
illustrated in Figure 9. At 0 T, the transition probability is large
and, hence, results in fast relaxation. This explains the fast
relaxation observed in the ac susceptibility measurements and
the closed hysteresis loops at 0 T. At 0.1 T, TP01 is almost 20
times smaller, and, consequently, the relaxation involving these
two states will become progressively blocked. However, TP01,z
is not negligible, and the transition is still partially allowed.
This transition is observed by parallel-mode EPR spectroscopy
at the X-band. For higher magnetic fields, this transition is

practically forbidden (at 1.0 T, TP01,z is 2000 times smaller
than that at 0 T) and relaxation through the |Ψ0⟩ → |Ψ1⟩
transition is blocked. Therefore, relaxation has to proceed
through excited states (namely, |Ψ0⟩ → |Ψ2⟩, etc.), resulting in
a thermally-activated process, as observed by the ac
susceptibility measurements.

ii. Many-Particle-Hamiltonian Approximation. As shown
above, the X-band EPR spectra arise mainly from the spin
sublevel |±2⟩. This is, however, a nominally forbidden
magnetic-dipole transition (ΔMS = ±4) and can only occur
upon mixing of the magnetic sublevels due to the action of E
and/or the higher than second-order zfs terms. It should be
emphasized that state mixing implies that MS is not a good
quantum number anymore, and it is practically unable to
describe the relativistically corrected states. In fact, problems of
such complexity are better treated within the many-particle-
Hamiltonian approximation applied in the framework of ab
initio wave-function-based theory. In this concept, diagonaliza-
tion of the above many-particle Hamiltonian (possible also in
the presence of external magnetic fields) yields all state
energies (ground and excited) of all of the involved multiplets
after the action of SOC as well as all of the state contributions.
It should be emphasized that diagonalization of the many-
particle Hamiltonian automatically yields higher-order terms,
which in the sH are commonly modeled by higher powers of
the fictitious spin operators. Hence, one can conclude that the
sH formalism not only provides a common theoretical
framework for different experimental techniques but also
offers a convenient interface with theory. Further details
regarding our theoretical approach for magnetic systems are
given in ref 23. Hence, in an effort to provide a more
quantitative picture of the above phenomenon, we employ the
many-particle-Hamiltonian approximation and analyze the MS
state compositions of the first five relativistically corrected SA-
CASSCF/NEVPT2 |Ψ0−4⟩ states at 0 and 1 T magnetic fields.
The obtained data are summarized in Tables 4 and 5. As can
be seen, at 0 T, in all of the |Ψ0−4⟩ states, the mixing of the MS
states is very pronounced. As an example, |Ψ0⟩ is composed of
∼65% |±1⟩, 20% |±2⟩, and 15% |0⟩ spin sublevels, while |Ψ1⟩
is composed of ∼30% |±1⟩, ∼30% |±2⟩, and ∼40% |0⟩ spin

Figure 9. Dependence of the transition probabilities TP01,x, TP01,y,
TP01,z, and TP01 for the |Ψ0⟩ → |Ψ1⟩ transition on the magnetic field.
Closed symbols indicate the values of the magnetic field at which the
parallel-mode X-band EPR signal is observed and the dc magnetic
fields used to carry out the ac susceptibility measurements.
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sublevels. Therefore, these states could be considered to have
mainly |±1⟩ and |0⟩ MS character. Consequently, as is also
reflected by their slight energy differences, states |Ψ0⟩ and |Ψ1⟩
behave as non-Kramers states. In this view, the magnetic-
dipole-transition selection rules indicate that the |Ψ0⟩ → |Ψ1⟩
transition is allowed. In fact, as can be seen in Table 4, this
transition contains the largest magnetic-dipole-transition
moment. On the other hand, in states |Ψ2−4⟩, the amount of
|0⟩ spin sublevel is considerably reduced (Table 4). This effect
is associated with a decrease of the respective magnetic-dipole-
transition moments of the |Ψ0⟩→ |Ψ2−4⟩ transitions (Table 5).
Because of the fact that E/D = 0.0046, one can conclude that,
at zero field (0 T), this state mixing (Table 4) arises from the
B4

4 terms, in agreement with the sH approximation. On the

contrary, the energy splitting |Ψ0,1⟩, as well as the composition
of states in the presence of 1 T magnetic field, changes
radically along the x, y, and z molecular axes. As in the case of
the sH analysis, at 1 T the largest energy splitting of |Ψ0,1⟩
states occurs when the magnetic field is aligned along the z
molecular axis and amounts to 2.49 cm−1. As can be seen in
Table 4, the mixing of states is considerably reduced. As a
result, the magnetic sublevels |Ψ0,1⟩, |Ψ2,3⟩, and |Ψ4⟩ contain
major contributions from the |±2⟩, |±1⟩, and |0⟩ MS states,
respectively. This is also reflected in the magnetic-dipole-
transition moments of the |Ψ0⟩→ |Ψ2−4⟩ transitions (Table 5).
In particular, the |Ψ0⟩ → |Ψ1⟩ transition is now practically
forbidden because it represents a genuine ΔMS = 4 transition.
On the contrary, when the magnetic field is aligned along the x
and y axes, the |Ψ0⟩ and |Ψ1⟩ states remain practically
degenerate. Hence, the magnetic relaxation cannot be
influenced by the external magnetic field along these
directions. This is in accordance with the results from the
sH analysis, while it is also consistent with the slow magnetic
relaxation of complex 1Mn only in the presence of a dc
magnetic field, as was observed by ac magnetometry (vide
supra). It should be noted that the energy levels of the |Ψ0⟩ →
|Ψ1−4⟩ transitions are slightly different from those determined
by the sH approach, owing to the small differences between
the computed CASSCF/NEVPT2 EPR parameters (Table 2,
entry 2) and those determined experimentally by HFEPR.

■ CONCLUSIONS
In the work presented herein, the magnetic and electronic
properties of complex 1Mn were investigated by a host of
experimental and computational methods. The magnetic
behavior of the magnetically diluted 1Mn/1Ga system confirmed
that the field-induced slow relaxation of magnetization of 1Mn

28

stems from the intrinsic properties of its individual molecules.
X-band EPR studies of 1Mn/1Ga made it possible to observe
hyperfine interactions between the electronic and nuclear spins
in the solid state, a rare observation in Mn(III) complexes.
Solution X-band EPR studies of 1Mn revealed the existence of
four different S = 2 species, presumably arising from different
solution conformations of 1Mn, the respective content of which
was determined. HFEPR spectroscopy studies provided
accurate and precise sH parameters of 1Mn, including both
the rhombic component E and fourth-order zfs terms, thus
resolving the ambiguity of their respective importance for the
magnetization relaxation in this system. The findings of our
work clearly confirm the necessity of HFEPR studies for this
endeavor and were further supported by ab initio wave
function quantum-chemical calculations. In particular, a very
good agreement between experimentally determined and
computed g and hfcc values was achieved, which are consistent
with a Mn(III) center in a tetragonally-elongated octahedral
coordination environment. It was shown that while the g
parameters can be equally well computed at the SA-CASSCF/
NEVPT2 and SA-CASSCF/SORCI levels of theory, accurate
computations of the hfcc values require that the FC-term
contributions are computed at the coupled-cluster level of
theory by using unrelaxed response DLPNO−CCSD spin
densities. The accurate determination of the zfs components of
1Mn revealed a very small rhombicity (E/D = 0.0046).
Computational studies, at both the SA-CASSCF/NEVPT2
and SA-CASSCF/SORCI levels of theory, confirmed these
findings and quantified the contribution of SSC and SOC to
the magnitude of D. Moreover, the latter studies provided

Table 4. Calculated SA-CASSCF/NEVPT2 Energies and MS
State Compositions of the First Five Relativistically
Corrected States for Complex 1Mn at 0 and 1 T Magnetic
Fields along the z Molecular Axis

state energy (cm−1) |+2⟩ |+1⟩ |0⟩ |−1⟩ |−2⟩
0 T Magnetic Field

|Ψ0⟩ 0.00 0.10 0.32 0.13 0.32 0.10
|Ψ1⟩ 0.05 0.14 0.15 0.38 0.15 0.14
|Ψ2⟩ 11.4 0.13 0.29 0.14 0.29 0.13
|Ψ3⟩ 11.8 0.34 0.11 0.08 0.11 0.34
|Ψ4⟩ 15.4 0.26 0.20 0.05 0.20 0.26

1 T Magnetic Field along the z Axis
|Ψ0⟩ 0.00 0.05 0.05 0.03 0.05 0.81
|Ψ1⟩ 2.62 0.82 0.02 0.02 0.02 0.05
|Ψ2⟩ 12.5 0.07 0.01 0.04 0.81 0.07
|Ψ3⟩ 14.2 0.06 0.80 0.06 0.02 0.06
|Ψ4⟩ 17.2 0.02 0.08 0.80 0.08 0.02

Table 5. Calculated (4,5) SA-CASSCF/NEVPT2 Magnetic-
Dipole-Transition Moments

= ⟨Ψ | ∑ [ ̂ + ̂ ]|Ψ ⟩|Ψ ⟩→|Ψ ⟩ −−
m l i s i( ) 2 ( )iiso,

2
0

1
2 1 4

2

0 1 4
in BM2

Units between |Ψ0⟩ → |Ψ1−4⟩ Relativistically Corrected
States (where miso

2 = mx
2 + my

2 + mz
2) for Complex 1Mn at 0

and 1 T Magnetic Fields along the x, y, and z Molecular
Axes

transition energy (cm−1) magnetic dipole (M2)

0 T Magnetic Field
|Ψ0⟩ → |Ψ1⟩ 0.05 3.55
|Ψ0⟩ → |Ψ2⟩ 11.4 1.32
|Ψ0⟩ → |Ψ3⟩ 11.7 0.91
|Ψ0⟩ → |Ψ4⟩ 15.4 0.007

1 T Magnetic Field along the x Axis
|Ψ0⟩ → |Ψ1⟩ 0.3 0.04
|Ψ0⟩ → |Ψ2⟩ 11.2 2.32
|Ψ0⟩ → |Ψ3⟩ 11.9 0.16
|Ψ0⟩ → |Ψ4⟩ 16.5 0.06

1 T Magnetic Field along the y Axis
|Ψ0⟩ → |Ψ1⟩ 0.3 0.03
|Ψ0⟩ → |Ψ2⟩ 11.1 2.29
|Ψ0⟩ → |Ψ3⟩ 11.8 0.20
|Ψ0⟩ → |Ψ4⟩ 16.4 0.03

1 T Magnetic Field along the z Axis
|Ψ0⟩ → |Ψ1⟩ 2.62 0.02
|Ψ0⟩ → |Ψ2⟩ 12.5 2.41
|Ψ0⟩ → |Ψ3⟩ 14.2 0.07
|Ψ0⟩ → |Ψ4⟩ 17.2 0.03
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evidence of a pronounced mixing between the |±2⟩, |±1⟩, and
|0⟩ magnetic sublevels of the S = 2 complex 1Mn, in the absence
of a dc magnetic field. This mixing of states relaxes the (ΔMS =
4) selection rule of the nominally forbidden magnetic-dipole
transition between the lowest-energy |+2⟩ and |−2⟩ magnetic
sublevels. Hence, this effect, which is mainly attributed to the
fourth-order zfs terms rather than the rhombic zfs component
E, is responsible for the observed fast magnetic relaxation of
1Mn in the absence of an external dc field.

28 On the contrary, in
the presence of an external magnetic field (>0.1 T), the mixing
of states is strongly reduced and the (ΔMS = 4) selection rule
becomes effective, thus precluding the magnetic-dipole
transition between the lowest-energy |+2⟩ and |−2⟩ magnetic
sublevels. The above findings justify the experimental fact that
complex 1Mn exhibits slow relaxation of its magnetization only
in the presence of an external dc magnetic field.
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