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Abstract: Large separation of magnetic levels and slow
relaxation in metal complexes are desirable properties of
single-molecule magnets (SMMs). Spin-phonon coupling
(interactions of magnetic levels with phonons) is ubiquitous,
leading to magnetic relaxation and loss of memory in SMMs
and quantum coherence in qubits. Direct observation of
magnetic transitions and spin-phonon coupling in molecules
is challenging. We have found that far-IR magnetic spectra
(FIRMS) of Co(PPh;),X, (Co-X; X=Cl, Br, 1) reveal rarely
observed spin-phonon coupling as avoided crossings be-
tween magnetic and u-symmetry phonon transitions. Inelastic
neutron scattering (INS) gives phonon spectra. Calculations
using VASP and phonopy programs gave phonon symmetries
and movies. Magnetic transitions among zero-field split (ZFS)

levels of the S=3/2 electronic ground state were probed by
INS, high-frequency and -field EPR (HFEPR), FIRMS, and
frequency-domain FT terahertz EPR (FD-FT THz-EPR), giving
magnetic excitation spectra and determining ZFS parameters
(D, E) and g values. Ligand-field theory (LFT) was used to
analyze earlier electronic absorption spectra and give calcu-
lated ZFS parameters matching those from the experiments.
DFT calculations also gave spin densities in Co-X, showing
that the larger Co(ll) spin density in a molecule, the larger its
ZFS magnitude. The current work reveals dynamics of
magnetic and phonon excitations in SMMs. Studies of such
couplings in the future would help to understand how spin-
phonon coupling may lead to magnetic relaxation and
develop guidance to control such coupling. )
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Introduction

Single-molecule magnets (SMMs) exhibiting superparamagnetic
behavior below a certain blocking temperature have potential
applications in quantum computing (qubits), spintronics, and
high-density storage devices." Of particular interest are mono-
nuclear SMMs, which consist of one metal center surrounded
by organic ligands with slow magnetic relaxation. Hexa-
coordinated Co(ll) complexes may derive their SMM behavior
from unquenched orbital angular momentum.” In the case of
quenched orbital angular momentum in paramagnetic com-
pounds with spin S>1, zero-field splitting (ZFS) of electronic
states occurs as a result of second-order spin-orbit coupling
(50Q).">*¥ Large axial anisotropy and high energy barriers for
magnetization reversal are among desired properties to extend
magnetic relaxation times for these compounds. Typically, slow
magnetic relaxation occurs in complexes with high magnetic
anisotropy as indicated by a large, negative axial ZFS parameter,
D, and a negligible rhombic ZFS parameter, E, resulting in a
rhombicity, E/D, of around zero."™ One example of such SMMs
is the tetra-coordinated Co(ll) series, Co(PPh;),X, (Co-X; X=Cl,
Co-Cl; Br, Co-Br; |, Co-l; Figure 1).

The ligand fields in Co-X lead to the high-spin electronic
ground state *A, of the d” Co(ll) ions, which, with ZFS, splits into
two levels, m¢= +1/2 and mg= +3/2 (Figure 1). The energy
difference between the two levels can be described by a spin-
Hamiltonian (SH) in Eq.1 which includes both ZFS and the
Zeeman terms:

ﬁ5:D<§j_§) +E(S-3)

+/’£ngBx§x + /’thyBy/s\y + [l/thZBZ,S\Z

in  which §:spin operator, ug=electron Bohr magneton,
9y, y, - = g-tensor components, B=applied magnetic field.

The ZFS, typically given by the axial parameter, D, and the
rhombic parameter, £ in Eq. 1, is an important property of a
metal complex, reflecting the ligand field encompassing the

metal ion that affects the weak interaction of the unpaired
electron spins mediated by the spin-orbit coupling."™ For
many metal complexes, the magnitude of ZFS is too large in
energy to be measured via conventional electron paramagnetic
resonance (EPR) spectroscopy (X-band: 0.3 cm™; Q-band:
1.2 cm ™' based on the frequencies used in the bands). Thus, it is
typically deduced indirectly from the effective g values or
macroscopic methods such as magnetic susceptibility measure-
ments or variable-temperature (VT), variable-field magnetic
circular dichroism (VT-VH MCD)."*%”) HFEPR, which typically
operates in the sub-THz frequency range, can directly deter-
mine ZFS in different metal complexes.®! Of relevance here is an
HFEPR study performed 55 years ago by van Stapele et al. on a
complex related to Co-X, but homoleptic, Cs;CoX; (X=Cl, Br),
which contains tetragonally elongated [CoX,]*. These workers
used 70 and 120 GHz radiation in combination with pulsed
magnetic fields up to 9 T and found D=—-8.60 cm™' (X=Cl) and
—10.68 cm ™' (X=Br).”’ Later, HFEPR with swept fields was used
to study Co-Cl, yielding its D, E, and g (g9, g, g,) values
(Table 1).#¥ More recently, Lu, Nelson, and coworkers demon-
strated the use of terahertz time-domain EPR through a simple
tabletop approach to probe the transitions between the spin
levels in Co-Cl and Co-Br,*! yielding the spin-Hamiltonian
parameters: D=—14.76, E=1.61 cm ™' for Co-Cl and D=—13.90,
E=0.96 cm ™' for Co-Br along with g (g,, g, g,) values (Table 1).
Magnetometry has also been used to indirectly determine D
and E values of the three Co-X complexes: D=-11.6, E=
243 cm™ for Co-CL"® D=-125, |E|=0.70 cm™" for Co-Br,"”
and D=-36.9 cm™' for Co-I"*"' along with some of the g values.

In addition to the spin-Hamiltonian parameters (Eq. 1),
representing essentially electronic-only properties, there are
other important nuclear-related, vibrational (or phonon) proper-
ties in SMM solids. Spin—-phonon coupling does play a critical
role in magnetic relaxation in metal complexes, including SMMs
and potential qubits.">%' However, understanding of these
interactions, including direct observation of the coupling and
determination of the coupling magnitudes, is limited. There
have, however, been recent studies to understand how spin-
phonon couplings lead to relaxation."”? Despite these efforts,
there are fairly few direct observations of spin-phonon
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Figure 1. (Left) Diagram of Co(PPh;,),X, (Co-X; X=Cl, Co-Cl; Br, Co-Br; I, Co-). (Right) Spin level diagram of the complexes in the case of D < 0. D'=(D*+3E)"2
It should be pointed out that the ms= +1/2 and ms= =+ 3/2 are nominal labels for the levels, as the zero-field | +1/2) and | £3/2) levels are mixed when
E+#0, as found for Co-X."! For excited electronic states of the complexes involved in second-order SOC, contributing to ZFS, see Figure 2.
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orbital angular momentum contribution to the magnetic levels
of the 3d® [Fe(H,0)¢]*" ion with its nearly O, ligand field."**"

INS® has also been used to study magnetic®® and
phonon™® excitations in metal complexes. The incident neu-
trons, as particles with /=1/2, are scattered by nuclei of atoms
in a sample, leading to phonon excitations. In addition, the
neutron magnetic moment interacts with the magnetic field of
the sample (created by unpaired electrons), leading to magnetic
transitions.”? A schematic representation of the INS process
and the cross section of magnetic scattering for spin-only
neutron scattering is given in the Supporting Information
(Section S2). Neutron instruments for coordination chemistry
studies have been recently reviewed, > but the several
experimental methods typically employed to identify a peak of
magnetic transition in INS spectra of metal complexes warrant a
brief summary below: (1)Use of a direct-geometry INS
spectrometer to measure the dependence of peak intensity vs.
neutron scattering angle at a given temperature.3*?*#24 Thjs is
a unique feature of INS, as peak intensities of magnetic
transitions fall off with increasing scattering angle as a result of
a decrease in the magnetic form factors,”” while intensities of
phonon peaks increase with increasing scattering angle. (2) VT
INS, as electrons and phonons are fermions and bosons,
respectively, leading to different temperature dependence of
magnetic and phonon peaks in so-called Bose-corrected VT INS
spectra [3c17422024251 (3) y/ariable-magnetic-field INS conducted
with an external magnet, leading to the shifts of Zeeman-split
magnetic transitions with fields.">**#'74249 This technique often
unambiguously identifies the magnetic resonance in INS
spectra, but is technically challenging."7¢*

Phonon  characterization, including DFT  phonon
calculations,"’? is important for understanding spin-phonon
coupling in molecular complexes. In electromagnetic far-IR and
Raman spectroscopies, whether phonon excitations are ob-
served depends on symmetry-based selection rules. In contrast,
INS, based on kinetic energy transfer, does not have symmetry-
based selection rules.”® That is, all phonon modes are
observable in INS spectra. Calculations using the VASP and
phonopy programs® give phonon energies, their symmetries
and calculated INS spectra to compare with the experimental
INS spectra.'®'7¥ |n addition, the calculations yield spin
densities on all atoms of a metal complex."”

The goal of the current work is to directly probe spin-
phonon couplings in Co-X (X=Cl, Br, 1), including the
magnitudes of the couplings, and provide comprehensive
spectroscopic and theoretical studies of the phonon properties
of the complexes, including their symmetries and energies. We
also aim to obtain visual depictions of the phonons undergoing
the spin-phonon couplings. Probing spin-phonon couplings
requires precise determination of energies of the magnetic
excited levels (i.e, ZFS between the ms= +3/2 ground and
ms= £ 1/2 excited levels) in the Co-X complexes. LFT studies in
the current work, as well as previous quantum chemical theory
(QCT) studies™ on a truncated model for Co-Cl, have revealed
the source of magnetic anisotropy and calculated accurately
the ZFS parameters D' in the three Co-X complexes. The DFT
calculations have also yielded spin densities on the atoms in

]
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Co-X, showing that the higher the spin density on the Co atom,
larger the D' parameter of the compound.

Results and Discussion
LFT background of the Co-X series (X=Cl, Br, 1)

As is typical for roughly tetrahedral open-shell complexes,
electronic absorption spectra of the Co-X (X=Cl, Br, |) series are
rich and informative, and the complete series was thoroughly
studied many years ago. For Co-Cl, Simo and Holt provided a
comprehensive analysis of the single-crystal electronic absorp-
tion of Co-doped Zn(PPh,),Cl, (Co/Zn-Cl).?” Tomlinson et al. did
the same for Co-doped Zn(PPh;,),Br, (Co/Zn-Br) and Zn(PPh;),l,
(Co/Zn-1).* In Co-X with G, point group symmetry, the
molecular z axis lies along the G, axis (i.e., bisecting the X—Co—X
and P—Co—P bond angles as shown in Figure 1), the x axis lies in
the X—Co—X plane (0,), and the y axis lies in the P—Co—P plane
(0,)). The spectroscopic results are summarized in Table S4 in
Supporting Information, which corrects a minor discrepancy
between the analysis described by Tomlinson et al. and data in
a table in their paper”® In G, point group symmetry, the
ground electronic state of Co-X is “A,, derived from the parent
*A,(F) term in T, symmetry (e, in strong-field notation). The
quartet excited states are “T,(F) (€%t,%), “T,(F) (€*t,%), and “T,(P)
(€’t,") in T, symmetry and each splits into *A, (for *T,) or *A, (for
*T,), *B,, and “B, states. The electronic transition ‘A,—*A, is
symmetry forbidden, but *A,—*A, is allowed with z polarization,
*A,—*B, is allowed with y polarization, and *A,—*B, is allowed
with x polarization. Transitions to the states derived from *T,
would be in the mid-IR region and thus very difficult, although
not impossible,®** to observe. Transitions to those derived from
*T,(F,P) are in the visible region and all were observed
experimentally with their polarization assignments.””?® These
states are given in Figure 2, which also shows the descent in
symmetry for a Co(ll) from the free-ion to a hypothetical,
tetrahedral [CoX,]*~ complex,®” to a hypothetical tetragonally
compressed [CoX,]*~ complex, to the CoX,(PPh;), system which
has G,, symmetry.

These results can then be used with a LFT analysis using the
Angular Overlap Model (AOM) to provide a quantitative
comparison among the three complexes. The above geo-
metrical model is employed, with the experimental bond angles
/X—Co—X and /P—Co—P in each case, as given in Table S5.

The experimental data were satisfactorily fitted using the
AOM (Table S4). As simplifying assumptions, the two halide
ligands and the two phosphine ligands were held equivalent.
Both ligand types were constrained to have cylindrical -
interactions: donating for X and accepting for P. The fit values
for Co-Cl and Co-Br can be compared to those determined by
Davies et al.,®" who used single-crystal magnetic susceptibility
data in combination with the same literature electronic
absorption data as was used here. As shown in Table S6, the
two analyses are in reasonable agreement, the chief difference
being that in the present work the m-acidity of the PPh, ligands
is proposed to be greater. As also evident in Table S6, the o-
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Figure 2. Electronic quartet states of 3d’ Co(ll) as a free-ion, in a tetrahedral (T,) ligand field, in a tetragonally compressed ligand field (D,4), and in a rhombic
(G,,) ligand field as in Co-X. This figure is based on one derived for Ni(ll) (3d®) as in NiX,(PPh,),.®™ The electronic transitions are also indicated, together with

[28]

and partially for the D, case, which is relevant to the discussion of previous work.**® Inclusion of spin-orbit coupling

their polarization, fully for the G, case,
(not shown) would split each of the quartets into two degenerate levels, affording the observed ZFS. This effect is shown graphically in Figure 3e of the paper
by Sundararajan et al.“® and in tabular format in Tables S7b, S8b, S9b, S10, and S11 in the Supporting Information.

and mt-donor strength of the halide ligands in Co-X decreases in
the order CI”>Br™ >17, in agreement with the spectrochemical
series.®? The values determined here, and previously," for the
Racah interelectronic repulsion parameter B are ~60% of the
free-ion value,®® which is plausible for a highly covalent
compound. The complete output listing of the electronic states
and orbital descriptions (using the Ligfield software®) for each
of the Co-X series is given in Tables S7-S9 (Supporting
Information).

It can be seen there that inclusion of the Racah C parameter,
so that (/B=4.26, the free-ion ratio,®® gives a plethora of
doublet excited states well above the quartet states, but there
are relatively lower lying doublet states in the ranges of 9500-
12500 cm™" and 14000-17500 cm™' above the ground state
i.e., close to quartet states derived from *T,(F,P)]. These doublet
excited states might contribute to ZFS (see below) and possibly
to the observed absorption bands. For a more tractable
depiction of the doublet states, Table S12 gives the complete d’

Chem. Eur. J. 2021, 27,11110-11125 www.chemeurj.org

electronic states for a hypothetical [CoX,]* ion with ideal T,

symmetry.

Experimental studies of magnetic excitations in Co-X

INS: For Co-Cl, both variable-field (with a 10 T magnet) and VT
INS studies were conducted. The former gave spectra in
Figure 3-Left with low signal-to-noise ratio of the peaks,
because the magnet blocked many detectors. A comparison of
the spectra at 0 and 10 T shows that the peak at 29.7(2) cm ™' at
0 T disappears at 10 T, indicating its magnetic nature [i.e., 2D =
29.7(2) cm™']. VT INS spectra of Co-Cl at 5, 30, 60 and 90K are
presented in Figure 3-Right. At zero applied field, only one
magnetic transition from the mg= +3/2 ground level to the
ms= £1/2 excited level is expected in the INS spectra. After
Bose-correction of the VT INS spectra to make the intensities of
phonon peaks relatively constant, the intensity of the magnetic
transition should decrease with increasing temperature, as the

© 2021 Wiley-VCH GmbH
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Figure 3. Co-Cl: (Left) Variable-field INS spectra at DCS at 1.5-1.6 K; (Right) Bose-corrected forward-scattering VT INS spectra at VISION. Figure S20 in the
Supporting Information shows additional VT INS spectra of Co-Cl, revealing phonon excitations and their symmetry assignments.

ms= +1/2 excited level is increasingly thermally populated at
the expense of the ms= +3/2 ground level. Figure 3-Right
shows that the magnetic transition at 5 K by VT INS is at 2D'=
29.5(2) cm™'. The sign of the D parameter, as those of Co-Br
and Co-l below, was based on the HFEPR results, as the INS
results cannot determine the sign.

For Co-Br and Co-l, VT INS studies were similarly conducted
and the spectra are given in Figure S20-Top and -Bottom,
respectively. Magnetic transitions of Co-Br and Co-I are clearly
observed at 2D’ =27.6(4) cm™' and 27.3(0.3) cm™', respectively.

FIRMS: Magnetic transitions (at 0 T) between the two ZFS
sublevels (e.g., ms=—3/2——1/2 and mg= +3/2— +1/2) in Co-
X are magnetic-dipole-allowed by symmetry and selection rules
(Ams=0, £1).% In C,, local symmetry around the Co(ll) ion, the
magnetic dipole moment operators have B, B, and A,
symmetries as the rotations R,, R, and R, respectively. In the
double group G/, both m¢=43/2 and +1/2 levels are
represented by E;,.”” Thus, the magnetic transitions are
observable in far-IR. Frequency-domain spectroscopy (i.e.,
FIRMS) using high magnetic fields, revealing how the Zeeman
effect changes the transitions between ZFS levels, is ideal to

probe magnetic transitions in addition to studying IR-active
phonon excitations.*2P1617<m3¢8 |n the present S=3/2, D<0
case, the ms= +3/2 level can be excited to the ms= +1/2 level
and spin-Hamiltonian parameters can then be extracted from
the spectra.

Transmittance of Co-Cl, Co-Br, and Co-l at 0 and 17T in
Figure 4 reveals the changes caused by the external magnetic
fields with additional FIRMS spectra and assignments of phonon
symmetries for Co-Cl and Co-Br in Figures S1-S3. Transmission
spectra normalized by the average are shown as a function of
magnetic fields in Figure 5. The largest transmission changes
are presented in blue color and are proportional to the intensity
of the transitions between the levels split in magnetic field,
while the yellow color corresponds to regions lacking magnetic-
dependent spectral features. The magnetic resonance absorp-
tion is most intense at 0T, allowing direct determination of the
energy gap between the +3/2 and £1/2 level from FIRMS
spectra as follows: Co-Cl, 29.85(13) cm™"; Co-Br, 27.62(11) cm™;
and Co-l, 27.38(15)cm™' (Figure 5). The intensity of the
magnetic absorption decreases and spreads out in high
magnetic fields, because the intensity and frequency of the
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Figure 4. FIRMS spectra of the complexes at 5 K and 0 and 17 T: (Left) Co-Cl, (Middle) Co-Br, (Right) Co-I. Assignments of the phonon peaks in Co-Cl and Co-

Br are given in Figures S1-S2. The phonons in Co-I could not be assigned.
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Figure 5. FIRMS maps (normalized transmission vs. field and energy/frequency): (Left) Co-Cl, (Middle) Co-Br, (Right) Co-l with HFEPR results superimposed. The
color trend from blue to yellow corresponds to a decrease of the magnetic absorption. The lines are simulations of turning points in the powder spectra that
assume the (best-fitted) spin-Hamiltonian parameters in Table 1. The circles correspond to the observed HFEPR resonances, except for the zero-field resonance
in Co-l obtained from FIRMS spectra. The equidistant vertical stripes are due to instrumental artifacts, while the white regions correspond to spectral ranges
without reliable data. Spin-phonon couplings in the FIRMS plots normalized by average are presented below in Figures 7-8.

transitions are defined by the direction of the magnetic field
relative to the magnetic anisotropy D- and g-tensors using
microcrystalline samples with random orientations. The black
lines in Figure 5 show calculated field dependences of turning
points®” in the powder spectra. While the low-energy turning
points are revealed in HFEPR spectra (shown as circles in
Figure 5), turning points with energies larger than 2D’ show up
in FIRMS maps (black lines). The maps are consistent with D <0,
and these results are in excellent agreement with calculated
powder spectra of magnetic absorption (Figure S4) using the
spin-Hamiltonian parameters from HFEPR in Table 1, thus
confirming the HFEPR determination of the parameters. One
additional finding from Figure 4-Right is that, for Co-l, the
phonon at 33.3(1) cm™ (phonon B in Figure 8-Right and Table 2
below) is coupled to the magnetic transition even at 0T,
pushing each other apart. At 17 T, when the magnetic transition
(peak A in Figure 8-Right) is shifted away after several avoided

crossings, it is no longer coupled to this phonon. In fact, the
original peak of magnetic transition, A, has become the phonon
(through the coupling during the avoided crossing with B) and
now “returned” to a new position (at 32.8 cm™’ to the left of the
original position of B at 0 T).

Magneto-Raman spectra of Co-Cl, Co-Br, and Co-l under 0-
14T magnetic fields (FiguresS5, S6 and S7, Supporting
Information) do not reveal the magnetic transitions in these
complexes. Phonon features of the Raman spectra of Co-X at
0T are discussed below.

FD-FT THz-EPR: Figure 6 depicts FD-FT THz-EPR of Co-X at
0-7T with a spectral resolution of 0.5cm™. Division by a
reference spectrum measured under identical conditions, but
with a field offset, leads to FD-FT THz-EPR magnetic-field-
division spectra (MDS, details in Section S5, Supporting Informa-
tion) containing only the field-dependent components of the
spectrum. Magnetic resonances in MDS are similar to those in

Table 2. Energies of phonons involved in spin-phonon couplings and the coupling constants.

Co-Cl

Phonon B C D E

Phonon peak (cm™) 42.2(1) 48.1(3) 54.8(2) 58.9(3)

Aem™) 1.3(2) 1.3(1) 1.3(2) 1.4(3)

Co-Br

Phonon B C D E F G

Phonon peak (cm™) 39.5(3) 47.5(1) 50.0(1) 55.6(2) 64.0(2) 68.1(2)

Aem™) 1.03) 1.3(4) 1.1(3) 1.5(3) 1.4(4) 1.8(4)

Co-l

Phonon B C D E F G H | J
Phonon peak (cm™) 33.3(1) 35.3(1) 39.5(2) 44.1(1) 47.7(2) 52.3(2) 56.7(1) 61.0(2) 63.0(1)
A(em™) 1.3(2) 0.9(3) 1.5(3) 1.6(2) 1.8(2) 1.6(3) 1.8(3) 2.0(4) 1.1(3)
Chem. Eur. J. 2021,27,11110-11125  www.chemeurj.org 11116 © 2021 Wiley-VCH GmbH
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Figure 6. FD-FT THz-EPR MDS at 5 K: (Top) Co-Cl, (Middle) Co-Br, (Bottom) Co-I. Spectra are plotted as offset to corresponding magnetic field. Experimental
spectra (black) are overlaid on spin-only simulations (dashed red; simulation parameters in Table 1). In the top panel, simulated transition energies for
magnetic fields parallel (blue) and perpendicular (green) to the z-axis of the ZFS tensor are shown. The grey shaded bar in the lower panel marks the

transition energy of a phonon at 33 cm™.

first-derivative EPR spectra. Field-independent phonons are
cancelled by this technique. However, in the case of spin-
phonon couplings, phonons shift in an applied magnetic field
and therefore lead to peaks of magnetic transitions similar to
EPR resonances. Discrimination between magnetic transitions
originating from EPR resonances and spin-phonon coupled
peaks requires the comparison with simulated spectra using the
spin-Hamiltonian in Eq. 1. In Figure 6, EPR spectra simulated
with Eq. 1 are plotted alongside measured spectra. Field vs.
frequency plots in Figure 6 are equivalent to Figure 5, but allow
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for a more convenient comparison of measured and simulated
spectra.

The simulations were performed with the EasySpin program
and its extensions for frequency-domain EPR."™ Very good
estimates of 2D’ can be directly obtained from the zero-field
FD-FT THz-EPR spectrum. However, more accurate D’ and g
values are available from simulations of MDS at different
external magnetic fields, giving the SH parameters for Co-X in
Table 1. Simulations of the spectra can also provide estimates of
E. However, these values are usually less accurate than those

© 2021 Wiley-VCH GmbH
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from HFEPR.®® Thus, the E parameters from FD-FT THz-EPR are
not given in Table 1.

A very good match between experiment and simulation
was achieved for Co-Cl. No indication of spin-phonon coupling
is found in the spectral window. Similarly, good agreement was
found for Co-Br. However, a distortion around 39.5cm™ is
observed, originating from a strong (phonon) absorption (see
Figures 4 and S11 for a view of the phonon). For MDS spectra of
Co-Br between 55T and 6.5T, a partial overlap with this
absorption leads to a deviation of the simulated and measured
spectrum. However, despite the high quality of the data, no
clear assignment of spin-phonon coupling is possible in this
case. Interestingly, spectra of both Co-Cl and Co-Br show low-
energy phonon modes at ~25 cm™', which are very close to the
zero-field EPR peaks (see Figure 4). Yet, neither of these modes
appears to couple to the magnetic resonance (or the coupling
is too weak to be observed here), when they overlap with the
magnetic transitions at elevated fields, and therefore does not
alter the MDS of Co-Cl and Co-Br.

Spectra of Co-l, on the contrary, show pronounced spin-
phonon coupling between 25T and 5.5T, leading to clear
deviations between experimental and calculated MDS [see
dashed spectra in Figure 6-Bottom simulated with Eq. 1 (with-
out spin-phonon coupling)l. While experimental spectra and
simulations match very well below 2 T and above 5.5 T, spectra
in the intermediate field range exhibit an additional splitting,
which is not reproduced by the SH simulations. The splitting of
the magnetic resonance by spin-phonon coupling is most
obvious in the 3T MDS of Co-l, where the predicted magnetic
resonance (without spin phonon coupling) overlaps with the
phonon at 33 cm™' (phonon B in Figure 8-Right and Table 2), as
discussed earlier in Figure 4-Right. The experimental MDS
clearly reveals two minima centered around 33 cm™', which
originate from an avoided crossing of the Co(ll) spin resonance
and phonon B.

HFEPR. Co-Cl was the subject of an earlier detailed HFEPR
and MCD study by some of us.*® In the current work, we have
confirmed the previous results and added spectra at several
high frequencies to the 2-D field vs. frequency map of turning
points®” (Figure 5-Left and Figure S13-Top), which were un-
available earlier.* One such spectrum, obtained at 815 GHz,
which is just below the frequency (~890 GHz) of the transition
between the mg= +3/2 and mg= +1/2 levels as determined at
zero field by FIRMS and FD-FT THz-EPR, is shown in Figure S14.

Co-Br generated a very good HFEPR response, similarly to
Co-Cl. Three representative HFEPR spectra (Figures S15, S16 and
S17) are shown in Supporting Information. Figure S15 gives an
optically modulated spectrum recorded at the frequency
corresponding almost exactly to the zero-field transition
frequency (~830 GHz) between the mg= +3/2 and ms=+1/2
levels. Figure S16 shows a conventional, magnetically modu-
lated spectrum at 473 GHz, while Figure S17 displays a spec-
trum at a low frequency of 98 GHz, where it is possible to
observe all three turning points of the intra-Kramers mg=-3/2—
+3/2 transition. The full 2-D map of HFEPR turning points in
Co-Br is shown in Figure 6-Middle and Figure S13-Middle.
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The HFEPR response of Co-l was weaker than those of the
two other congeners. In particular, most of the observed
resonances originated from the intra-Kramers ms=—3/2— +3/2
transition within the ms= £3/2 doublet. Only in one narrow
frequency region (ca. 500 GHz) were we able to record
resonances belonging to the inter-Kramers ms=—3/2—+1/2
transition, which are informative with regard to ZFS (Fig-
ure S18). Figure S19 shows a spectrum at the low end of
available frequencies (63 GHz) which turned out to be the only
frequency at which we were able to observe all three turning
points of the intra-Kramers ms=—3/2— +3/2 transition. As a
result, a least-square fit to the 2-D field vs. frequency map
(Figure 5-Right and Figure S13-Bottom) yielded lower accuracy
in the spin-Hamiltonian parameters for Co-l than those for Co-
Cl and Co-Br.

Least-square fits of the Hamiltonian parameters to the 2-D
field vs. frequency maps for the three complexes resulted in the
following values: D=—14.76(2), |E| =1.141(8) cm™' for Co-Cl,
D=-13.82(2), |E| =0.29(1) cm™" for Co-Br, and D=—13.13(10),
|E] =2.11(5) cm™' for Co-l, along with most g (g,, g,, g,) values
listed in Table 1.

Analysis of ZFS in Co-X by ligand-field theory

Spin-orbit coupling can be included into the above LFT-AOM
analysis to reproduce experimental ZFS parameters (Table S11).
Davies et al. used L=500 cm™', which is only slightly lower than
the free-ion value (533 cm™").B% We find that, for Co-Cl, use of
{=459 cm™' (86% of the free-ion value, perhaps more realistic
than 94 % used earlier) exactly reproduces the experimental ZFS
parameters (Table 1 in comparison to those from HFEPR). It is
not possible to deconvolute this splitting into D and E
components, nor to their sign. The spin expectation value of
each of the levels of the ground state quartet does not readily
afford the spin-only values of mg¢=+1/2, +£3/2 (Tables S7b,
S8b, S9b, S10, and S11), e.g., for Co-Cl, m¢= 4+0.14 and ms= +
0.85 (Table S7b). However, inclusion of an applied field [300 mT,
as in conventional, X-band EPR; using the locally written (J.
Telser) program DDN] sheds light on this situation, as shown for
the electronic states of the lowest spin quartet state for a
hypothetical [CoX,]*~ ion with D,, symmetry (Table S10) and for
the real Co-X complexes with C,, symmetry (Table S11). These
cases give observed g values for Co-Cl as follows: g,ay=6.96,
yiminy = 0.57, Gymiay=0.91 (Table S11a). The assignment to x, y,
and z components of g. is a consequence of the chosen AOM
coordinate system, but in general for S=3/2, observed g.
values in which one is large and two are very small (for intrinsic
g=2.00, g.+=1[6, 0, 01“”) are characteristic of D<O0, as is the
case for Co-CL“" Smaller values of T (~65% of the free-ion
value; See Table 1) exactly reproduce the experimental ZFS for
Co-Br and Co-l, again with negative sign, as demonstrated by
their g.+ components (Tables S11b and S11¢, respectively). The
origin of the ZFS in Co-X is discussed in the Supporting
Information.
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Experimental and calculated phonon spectra and studies of
spin-phonon couplings

Crystals of Co-Cl [P2/c, No. 13, 293(2) and 295 K],“*¥ Co-Br
(P2/c, 295K),“ and Co-l [P2,/c, No. 14, 110(2) KI*’ in the
current work are all monoclinic with C,, crystallographic lattice
symmetry. Thus, phonon modes of their crystalline solids have
one of the four symmetries: A, By, A,, and B,"” Phonons of the
A, and B, modes are [R-active, while those of the A; and B,
modes are Raman-active.

Phonon modes of the three complexes, energies of the
modes, and INS spectra were obtained by the VASP and
phonopy calculations.”® Spin-phonon coupling simulations
were conducted for the avoided crossings in FIRMS spectra
using Hamiltonians in Egs. 5 and 7 below.

Phonon excitations in INS, FIRMS and Raman spectra,
calculated INS spectra, and computations of phonon excita-
tions and symmetries: Accurate phonon calculations are a
critical step to understand the atomic displacements leading to
spin-phonon coupling in SMMs. In the most general sense, the
atomic displacement pattern associated with a specific vibra-
tional mode can change the bond length and angle, resulting
in changes of electronic and magnetic structure. Different
vibrational modes at different frequencies can affect the
electronic and magnetic structure differently. The DFT phonon
calculations of the INS spectra were conducted using the
reported single-crystal structures of the three complexes
(Table S5) with two goals: (1) Determine the symmetries of
phonon modes and their energies; (2) Give calculated INS
spectra to compare with the experimental ones. The lattice
symmetry for all three crystal structures is C,, which was used
to assign symmetries to each phonon mode. The calculated
phonon modes and their energies for Co-Cl, Co-Br, and Co-l are
given in Tables S1-S3. In addition, the DFT calculations gave
calculated INS spectra in Figures S21, S22 and S23 in the
Supporting Information for comparison with the experimental
INS spectra of the three compounds. It is noted that, unlike
(optical) far-IR and Raman spectroscopies, there are no
symmetry-based INS selection rules. Thus, all phonon modes
are active. Overall, there is a good match between experimental
(by VISION at 5K) and calculated INS in the region above
150 cm™". However, low-energy modes are difficult to calculate
accurately. It should be pointed out that the current calcu-
lations do not account for any peaks of magnetic origin or spin-
phonon coupling. In addition, the VASP®* and phonopy™®!
calculations, while giving phonons (and their symmetries and
energies) and spin densities discussed below, are not able to
address spin-phonon coupling in the solids. Spin-phonon
couplings in other SMMs, in particular their roles in magnetic
relaxation, have been the subjects of recent computations or
modeling studies.'>*

Far-IR and Raman spectra of the three complexes recorded
at 0T and 5K, revealing IR- (u symmetry) and Raman-active (g
symmetry) phonons, are given in the Supporting Information
(Co-Cl: Figure S24; Co-Br: Figure S25; Co-I: Figure S26). Since
spin-phonon couplings, discussed below, involve some of the
IR-active phonons and were observed in FIRMS, animations of
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the A, and B, phonons near the peaks of the magnetic
transition around 20-75 cm™' (14, 16, and 31 movies for Co-Cl,
Co-Br and Co-l, respectively) have been made based on the
VASP and phonopy calculations and are provided in Supporting
Information. These animations show atomic displacements with
contributions from both external and internal modes.

Studies of spin-phonon couplings in FIRMS spectra: Multi-
ple phonons were found to be involved in spin-phonon
couplings with the magnetic transition in FIRMS spectra of Co-
Cl (Figures 7 and S1), leading to avoided crossings (also known
as non-crossings or anticrossings). An avoided crossing is, in
essence, the result of interactions between two states/levels of
the same symmetries, leading to two new states/levels from
mixing of the two original states/levels, as shown in Figure 7-
Left.”® When 1s orbitals from two H atoms interact to form o
bonding and o* antibonding orbitals, it is essentially an avoided
crossing of two 1s orbitals. Spin-phonon coupling here reflects
how a vibration (with periodic motion of the atoms in a
molecule) affects the magnetic levels in Figure 1. Recently, a
vibronic model was used to account for similar couplings of
vibrations in Co(acac),(H,0), (S=3/2) with the ms= £1/2, £3/2
levels 3"

In the FIRMS spectra of Co-Cl (Figures 7-Right and S1-
Bottom), when a magnetic (spin) peak (A) is close to a phonon
peak (B) with the same symmetry (i.e., both excitations belong
to the same irreducible representation in the C,, point group),
the two couple, causing the peak of magnetic transition to take
on the characteristic of the phonon peak and vice-versa. That is,
the two coupled peaks carry both magnetic and phonon
features."* The avoided crossings are observed as peak A is
blue-shifted by the increasing magnetic field. In Figure 7-Right
and more clearly in Figure S1-Bottom (Supporting Information)
without the white lines, peak B progressively picks up more
magnetic features as the magnetic field increases, until it
becomes the peak of the magnetic transition undergoing a
blue-shift itself, while peak A turns into a phonon peak. Peak B
continues the blue-shift until encountering another phonon (C)
with the same symmetry. At this point, B and C undergo a new
spin-phonon coupling, resulting in another avoided crossing.
This process is repeated with two additional phonon peaks D
and E. It should be pointed out that there might be spin-
phonon couplings involving additional phonons. However, if
they exist, they are not easily identified in Figure 7-Right. The
observations of the spin-phonon couplings between magnetic
transitions and [R-active u-symmetry phonons here are in
contrast with the spin-phonon couplings in Co(acac),(H,0), and
its isotopologues,”® in which the couplings were observed
with Raman-active g phonons.

For the 2-D FIRMS map in Figure 7-Right, a simplified
Hamiltonian for the coupling between the magnetic excited
level |¢;) and one phonon excited state |n) is given by the
following 2 x 2 matrix in Eq. 2:"3"

E, A
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Figure 7. (Left) Schematic representation of an avoided crossing. Some of us have recently provided more detailed schematic views of the spin-phonon
couplings in a Co(ll) complex with axial anisotropy (D < 0)."7% (Right) FIRMS plot of Co-Cl spectra normalized by average, which minimizes phonon features
that do not change with magnetic fields. The color trend from red to blue corresponds to absorption decrease. The white lines show the results of the spin-
phonon coupling model using a 5x5 matrix in Eq. 4 below. Figure 7-Right is also shown in Figure S1-Bottom in the Supporting Information without the white
lines to more clearly reveal the avoided crossings. The blue shifting transition is from the lowest magnetic level to the highest magnetic level of the ground
spin quartet and corresponds to a specific direction of the external field with respect to the spin coordinate system (i.e., a turning point). These levels are not

well-defined by ms quantum numbers due to the mixing.”’

in which E;, and E,,=Expected energies of the magnetic and
phonon excitations, respectively; /1 =spin-phonon coupling
constant.

Solving the matrix gives two eigenvalues E. (with the
associated avoided-crossing peaks | 7. )) in the secular Eq. 3.

E, —E. A

=0 (3)
A En—E.

During the spin-phonon coupling, |¥, shifts to higher E_,
while |¥_ shifts to lower E_ in the avoided crossing, as shown
in Figure 7-Left. Eqs.2-3 give a model to understand spin-
phonon coupling in the FIRMS map and calculate the coupling
constants /1.

This model can be expanded to a 5x5 matrix in Eq.4
involving the couplings of the magnetic transition with all four
phonons B, C, D and E simultaneously. Eq. 4 ignores interactions
(couplings) among phonons, as the off-diagonal elements
between any two phonons are set to be 0. The ZFS peak (£,)
was modeled every 0.5 T from 0 T to 17 T for the transmittance
peak, giving the coupling constants A,-A, of 1.3(1)-1.4(3) cm™
in Table 2. If the spectra are instead fit using multiple 2x2
matrices in Eq. 2, the coupling constants are not appreciably
different. It should be pointed out that B, C, D, and E are those
phonons in the crystalline solid of Co-Cl that are observed to
undergo spin-phonon couplings, even though there are addi-
tional IR-active phonons in the 30-80 cm™' region, as listed in
Table S1.
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Spin-phonon couplings are also observed in FIRMS maps of
Co-Br (Figure 8-Left) and Co-l (Figure 8-Right) and also in
Figures S2-Bottom and Figure S3-Bottom, respectively, without the
white lines of spin-phonon couplings. Six phonons in Co-Br are
noticed to couple with the magnetic transition, giving rise to
avoided crossings as the latter blue-shifts due to the Zeeman
effect (IR-active, u-symmetry phonons B-G in the 30-80 cm™
region, Table S2). Simulations using a 7x7 matrix (Eq. S2 in
Supporting Information) give the coupling constants of 1.0(3)-
1.8(4) cm™" in Table 2. For a crystalline solid of Co-l, nine phonons
(B-J in Figure 8-Right) are shown to couple to the magnetic
transition leading to several avoided crossings, as peak A moves
to higher energy with increasing external magnetic field. Simu-
lations using a 10x 10 matrix (Eq.S3 in Supporting Information)
give the coupling constants of 0.9(3)-2.0(4) cm™' in Table 2.

Calculated spin densities of atoms in Co-X complexes
The DFT calculations using VASP also give spin densities, p,, in
Co-X, as summarized in Table 3 with detailed lists for each atom

in Tables S13, S14 in Supporting Information. Although the
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Figure 8. FIRMS plots of far-IR spectra normalized by average, which minimize phonon features that do not change with magnetic field: (Left) Co-Br; (Right)
Co-l, revealing simulations of spin-phonon couplings. The color trend from red to blue corresponds to a decrease of absorption. The white lines show the
results of the spin-phonon coupling model using a 7 x 7 matrix for Co-Br and a 10x 10 matrix for Co-I, which are similar to those of the 5x5 matrix in Eq. 4
and are given in Supporting Information. Figure 8-Left (Co-Br) and -Right (Co-I) are also given in Figures S2-Bottom and S3-Bottom, respectively, without the
white simulation lines here to more clearly show the avoided crossings.

Table 3. Calculated spin densities p, of atoms in Co-X.

Atom Co-Cl Co-Br Co-l

Co 2.585 2.570 2.553

X 6.69x 1072 (Cl) 6.85x 1072 (Br) 6.01x1021t0 6.39x 102 (1)

P 2.06x102 1.92x 1072 1.55x 102 t0 1.94x 1072

C —2.02x10*to —6.38x 107" —1.50x10*to —5.36x107* —6.62x10°to —1.04x1073
1.21x10"t0 2.98x 1073 3.90x10*t02.93x10°? 4.40%x10°t05.07%x10°3

H —1.77x107° to —5.65x107° —1.89%x107°to —4.92x107° —2.70x10°to —4.10x10°°
240x107t0 8.40x10°° 1.21x107°t0 9.47x10°° 5.85x10°t0 8.85x10°°

Total 2.797 2783

2.747

Supporting Information.

The structure of Co-Cl and its atom labelling are given here as an example. Details of the spin densities of Co-X are given in Tables S13 and S14 in the

VASP calculations here are not of high-level, they provide a
quantitative scale, revealing how the spin is dispersed onto X, P,
C and peripheral H atoms in the molecules."” VASP partitions

electrons according to the Wigner-Seitz radius a, in Eq. 5:'

a, = (3/4nn,)"?

Chem. Eur. J. 2021, 27,11110-11125
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44)

where n, is the particle density of electrons; a, is the radius
“occupied” by one atom in a sample, and each atom is
considered as a sphere.

This method does not include spin densities in bonds
between atoms. Therefore, the total spin densities (sums of

(5) those on all atoms) of 2.80, 2.78 and 2.75 for Co-Cl, Co-Br and
Co-l, respectively, are smaller than 3 (=3 unpaired electrons) on
11121 © 2021 Wiley-VCH GmbH
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the molecules. The results in Table 3 show that the unpaired
electron densities are transferred from the central Co(ll) ions to
ligand atoms, although the metal ions retain 2.59, 2.57 and 2.55
unpaired electrons (>92% of total spin in each of the three
compounds, not counting the spin densities between bonds),
respectively. That the spin density is mostly on the Co(ll) ion in
Co-X is consistent with the above simple LFT that describes the
complexes as pure d’ systems, i.e., as having nearly “innocent”
ligands. This is in contrast to the case of a diiodide complex of
Mn(lll) (d*, S=2) wherein a valence tautomer that can be
described as Mn(ll) [MnI*]**, as opposed to the innocent Mn(lll)
[Mnl~]?, leads to unusual ZFS.*™ Among ligand atoms, the
halides X carry very small, yet the highest spin densities (6.01x
1072 to 6.85x107?), followed by the P atoms (1.55x1072 to
2.06 x 1072). These densities are positive, as those of some C and
H atoms of the phenyl groups in the PPh; ligands (Tables S13
and S14), indicating that spins on the a atoms in the molecules
are parallel to those on the Co(ll) ion. Other C and H atoms,
however, have negative spin densities, i.e., the spin densities on
these atoms have opposite polarization to that on the Co(ll) ion,
X, and P atoms.

Our results are consistent with NMR studies of paramagnetic
compounds,”® which show that ligand resonances are typically
shifted by electron spin densities on the ligand atoms.*® The
signs of p; in Table 3 indicate that both spin delocalization and
polarization mechanisms, which are used as a model to explain
spin delocalization in paramagnetic molecules,“** likely ac-
count for the transfer of spin densities in Co-X.

It is interesting to note that the slight decrease of spin
density on the Co(ll) ion from Co-Cl (2.585), Co-Br (2.570), to
Co-l (2.553) parallels the drop of D’ from 14.89(2), to 13.83(2),
and to 13.63(10) cm™' (HFEPR results) for the three complexes,
as shown in Figure S29 in Supporting Information. For Co-
(acac),(H,0),, also a SMM,""'*®9 byt with only light atom (Period
2) donor ligands, the calculated spin density of 2.81 (by the
same VASP program) on its Co(ll) ion and D’ of 57 cm™' are
both larger than those of Co-X. At least among these four Co(ll)
complexes, the larger spin density on a metal ion, the larger
ZFS in the complex. It should be pointed out that the number
of complexes here [four including Co(acac),(H,0),] is limited,
and different DFT programs may give different calculated spin
densities. Studies of more compounds are needed to see if
there is a correlation between the spin densities and magnet-
itudes of ZFS. In addition, the current VASP calculations are not
able to address spin-phonon coupling,"? as indicated earlier.
Thus, additional studies are needed to understand how the spin
density affects ZFS in a complex and how the lattice and
molecular motions (i.e, phonons) that are coupled to the
magnetic excited levels impact the spin density.

Conclusion

The current work demonstrates that magneto far-IR spectro-
scopy is a powerful technique for probing spin-phonon
coupling in SMMs, giving the intensity of these interactions and
determining energies of magnetic excited levels in the com-

Chem. Eur. J. 2021, 27,11110-11125 www.chemeurj.org

11122

plexes. INS spectroscopy is a unique, zero-field technique to
identify both magnetic transitions and all phonons in the
molecules, providing insight as to the phonons involved in
these couplings, when combined with DFT phonon and INS
calculations. Herein, for Co-X with centrosymmetric C,;, crystal-
lographic symmetry, INS spectra showing all phonons, in
combination with far-IR and Raman spectra showing u- and g-
symmetry phonons, respectively, give a comprehensive charac-
terization of phonons in the region of interest. The current
determination of complete spin Hamiltonian parameters of Co-
X by a combination of spectroscopies provides a rare view of
the magnetic separations in these complexes from different
spectroscopic perspectives and makes an excellent opportunity
to compare the techniques. Field- and frequency-domain
resonance methods give entirely consistent results, whereas
magnetometry is less reliable. As was pointed out by Pavlov
et al, a combination of experimental techniques is optimal to
determine ZFS in SMMs, such as those of Co(ll).*” LFT work
accurately calculated the D, E parameters and pointed to the
origin of the ZFS for the three complexes. The current studies of
the spin-phonon coupling will help understand magnetic
relaxation in SMMs and molecular qubits and develop guidance
to reduce or avoid the couplings.

It should be pointed out that the current work experimen-
tally determines the magnetic excited levels and degrees of
their couplings with nearby phonons (as coupling constants).
Additional studies, especially those with computations or
modelings as recently reported for other compounds,!'? are
needed to provide an insight into the spin-phonon coupling.
Such investigations are expected to correlate the magnetic and
phonon properties of the compounds, including why only u-
symmetry phonons in Co-X are involved in spin-phonon
coupling, how the coupling phonons impact the ZFS parame-
ters and the spin densities, and how the intensity of this
coupling affects other interactions such as crystal field, ZFS, and
Zeeman splitting.

Experimental

Compounds Co-Cl, Co-Br, and Co-l were prepared by literature
methods.**¥ Powder X-ray diffraction of typical Co-Cl, Co-Br and
Co-l samples in the studies are given in Figure S28.

Variable-field INS data were collected at the Disc Chopper
Spectrometer (DCS) at the NIST Center for Neutron Research
(NCNR). A powder sample of Co-Cl (2 g) was measured in the 1.5-
1.6 Krange at 0 T with ;=73 cm™', and at 10 T with ;=54 cm ™, in
order to compare the results of VT and variable-field INS. All data
were processed on DAVE"® VT INS spectra were collected on the
Vibrational Spectrometer (VISION) at the Spallation Neutron Source
(SNS), ORNL. For each measurement, approximately 0.2 g of the
powder sample was sealed in an aluminum can. The aluminum can
was then fixed on the end of the sample holder and placed inside
the neutron beam. VISION has two detector banks, forward- and
back-scattering, providing data for low and high |Q| scattering,
respectively.”” As an indirect-geometry INS spectrometer,”* data
of low scattering angles, including magnetic scattering, are more
intense in the forward-scattering detectors at VISION.

© 2021 Wiley-VCH GmbH
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The far-IR setups with applied magnetic fields at the National High
Magnetic Field Laboratory (NHMFL, Tallahassee, Florida, USA;
FIRMS) and at the electron storage ring BESSY Il (Berlin, Germany;
FD-FT THz-EPR) have been used. The two groups practicing it in the
current work, however, use different magnet configurations (verti-
cal-bore or split-coil) and process the data differently. FIRMS spectra
were collected at NHMFL using a Bruker Vertex 80v Fourier-
transform infrared (FT-IR) spectrometer coupled with a 175T
vertical-bore superconducting magnet. The experimental setup is
equipped with a mercury lamp and a composite silicon bolometer
(Infrared Laboratories), as an incoherent (sub)-THz radiation source
and detector, respectively. The THz radiation propagates in free-
space inside the optical beamline, connecting the output of the
spectrometer and top of the sample probe. The radiation then
passes through the brass lightpipe over a distance of 2.5 m from
room temperature to the field center. The probe and beamline are
evacuated to eliminate strong parasitic absorptions of the air. The
samples are mulls of n-eicosane and powder (~2mg) of each
complex. Both the sample and the bolometer were cooled by low-
pressure helium gas to ~5 K. The spectrum of the THz radiation
transmitted through the samples was measured between 10 and
720cm™" (0.3-21.6 THz) with a resolution of 0.3cm™ (9 GH2),
acquisition time of 3 min, and 5 kHz scanner speed.

FD-FT THz-EPR experiments were performed at the THz beamline of
the BESSY Il storage ring and employed a 10T split-coil super-
conducting magnet (Oxford-Spectromag 4000) equipped with
wedged z-cut quartz windows in transmission geometry. The
temperature was varied between 2 K and 300 K and the field from
0 to 7T. To vary the temperature, we either used an Oxford-
Optistat cryostat with quartz windows in transmission geometry or,
for magnetic measurements, a VT insert in the magnet. The FT-IR
spectrometer was a Bruker IFS125 HR with its internal Hg-source
(Q202) and set to 0.5cm™’ resolution (0.2cm™' for absorbance
measurements in the SI), 40 kHz scanner frequency, 100 sweeps
and an IR-Labs 4.2 K/Si-bolometer (and a 1.6 K one for temperature-
dependent measurements shown in Sl). The acquisition time for a
single raw spectrum was 3 min and transmittance data presented
in Figures S8 and S11 in the Supporting Information were measured
in 10 min.

Errors in 2D’ values were obtained as described below: (1) For INS
spectra, they were estimated to be 10% of the full width at half
maximum (FWHM) of the peaks of magnetic transitons in baseline-
corrected spectra (0 T) in the 20-40 cm ™' range. (2) For FIRMS and
HFEPR spectra, the errors were obtained from simulations of the
spectra. (3) For FD-FT THz-EPR spectra, they were obtained from
visual inspection of the agreement between experimental and
simulated spectra.

HFEPR was performed using the EMR facility at NHMFL. The facility
operates a transmission spectrometer described elsewhere,*” which
was modified by the use of Virginia Diodes Inc. (VDI, Charlottesville,
VA, USA) sources, generating sub-THz radiation in the 50-640 GHz
frequency range. In some experiments requiring higher frequencies
(>700 GHz), backward-wave oscillators were used as sources of
sub-THz radiation. The spectrometer is associated with a 15/17 T
warm-bore superconducting magnet. The samples were measured
both “as is” which allowed them to orient (torque) in the magnetic
field, or as pellets mixed with n-eicosane. About 30-60 mg of the
powder samples were used in each measurement. HFEPR spectra
were typically collected at 5-10 K.

Experimental details of the Raman spectroscopic studies and results
are given in Supporting Information.

In the calculations of phonons for Co-Cl, Co-Br, and Co-l, geometry
optimizations were performed on the single-crystal X-ray structures
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of the compounds (Table 55).“*»¢) The optimized structure at 0T
was used for the phonon calculations. Spin-polarized, periodic DFT
calculations were performed using VASP to generate the force
constants on the supercell (284 atoms) created by phonopy.*®
Phonopy was further used to produce phonon frequencies and
polarization vectors (also gives irreducible representations). Then,
OCLIMAX®Y calculates INS spectra using VISION parameters (and
generating 0K spectra). Jmol was used to create the phonon
movies shown in Supporting Information.

The unpaired electron spin density was calculated using VASP on
the optimized structure. Spin-polarized, periodic DFT calculations
were performed using VASP with the Projector Augmented Wave
(PAW)®" method and the local density approximation (GGA)*? 4 U
(U=4.4 eV)®>*3 exchange correlation functional. The energy cut off
was 800 eV for the plane-wave basis of the valence electrons. The
total energy tolerance for electronic structure minimization was
1078 eV. The optB86b-vdW, a non-local correlation functional that
approximately accounts for dispersion interactions, was applied.”
For the structure relaxation, a 1x2x1 Monkhorst-Pack mesh was
used. Wigner-Seitz radii (A): H=0.370; C=0.863; P=1.233, Cl=
1.111, Br=1.164, 1=1.487, Co=1.302.
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