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Abstract

A combination of inelastic neutron scattering (INS), far-IR magneto- (FIRMS) and
Raman magneto-spectroscopies (RaMS) have been used to comprehensively probe magnetic
excitations in Co(AsPhs3):12 (1), a reported single-molecule magnet (SMM). With applied field,
magnetic zero-field splitting (ZFS) peak (2D") shifts to higher energies in each spectroscopy.
INS placed the ZFS peak at 54 cm’!, as revealed by both variable-temperature (VT) and variable-
magnetic-field data, giving results that agree well with those from both far-IR and Raman
studies. Both FIRMS and Raman magneto-spectra also reveal the presence of multiple spin-
phonon couplings as avoided crossings with neighboring phonons. Here, phonons refer to both
intramolecular and lattice vibrations. The results constitute a rare case in which the spin-phonon
couplings are observed with both Raman-active (g modes) and far-IR-active phonons (z modes;
space group P21/c, No. 14, Z =4 for 1). These couplings are fit using a simple avoided crossing
model with coupling constants of ~1-2 cm™. The combined spectroscopies accurately determine
the magnetic excited level and the interaction of the magnetic excitation with phonon modes.
Density functional theory (DFT) phonon calculations compare well with INS, allowing for the
assignment of the modes and their symmetries. Electronic calculations elucidate the nature of
ZFS in the complex. Features of different techniques to determine ZFS and other spin-

Hamiltonian parameters in transition metal complexes are summarized.

Introduction
Single-molecule magnets (SMMs) with slow spin relaxation from one ground state to
another have been actively studied as potential, new data storage materials.'"!* Ideally, the

primary relaxation mechanism would be to traverse the energy barrier separating the two



states.*!+'® However, other processes, such as spin-lattice relaxations (i.e., spin-phonon
coupling) and quantum tunneling, often complicate the relaxation processes.! These
mechanisms are still poorly understood. In addition, direct determination of the barrier height is
essential. For d metal complexes with quenched angular momenta, the barrier is defined by the
magnitude of zero-field splitting (ZFS) with axial (D) and rthombic (E) anisotropic parameters.'®

Magnetic properties of Co(AsPhs3):I2 (1) were previously studied by Saber and Dunbar,
showing slow magnetic relaxation in 1 with easy-axis ZFS (D =-74.7 cm’!, E=-0.82 cm™) from
magnetometric studies.!” The axial anisotropy is a significant increase compared to its phosphine
analogs Co(PPh3)2Xz (X = Cl, Br, I).1""!” Magnetometry is a bulk, non-resonant method.*
Parameters from the technique are often prone to large errors.

A common method for directly determining ZFS parameters is high-field EPR (HFEPR).*
HFEPR is highly accurate, but is often limited to energies of <33 cm™!, with few exceptions.?*-?!
It was used, e.g., in studies of Co(PPh3)2Clz, yielding its spin-Hamiltonian parameters (i.e., D, E,
g, gv and g:).? Far-IR magneto-spectroscopy (FIRMS) can easily reach much higher energies
and has become more commonly used.?**?° This method is very useful for observing magnetic-
dipole allowed ZFS transitions.*® The main issue with interpreting FIRMS spectra versus EPR

spectra is the prevalence of phonons in FIRMS, making the use of magnetic fields necessary.>!

Much of the work using FIRMS to study SMMs has been reported by van Slageren and

23,28-29 25-26,32-35

coworkers, showing FIRMS as a direct method to observe magnetic barriers.

Another method with very few uses for observing ZFS transitions is Raman magneto-
spectroscopy (RaMS). It has only been used to determine magnetic levels in two transition metal

25,36

compounds,~”® while other complexes have been attempted by us, showing no observed

magnetic transitions in RaMS. In the study of Fe(H20)s-SiFs by Gnezdilov and coworkers, the



transitions were directly observed as clear individual Raman peaks split with field.*® The high-
spin d°, On Fe''(H20)s-SiFs likely has first-order spin-orbit coupling (SOC), probably making the
Raman peaks with significant contributions from electronic transitions.*’=® In the high-spin &’
complex Co(acac)2(H20)., first-order SOC is, however, quenched. In RaMS studies of
Co(acac)2(H20)2, the transition between the ZFS states was only observed when it is in close
proximity to neighboring Raman-active (g symmetry) phonon peaks, effectively taking the
intensity of the phonon peaks by an avoided crossing mechanism.? In FIRMS studies of
Co(acac)2(H20)2, the magnetic-dipole-allowed ZFS transitions were observed, although they do
not undergo spin-phonon couplings with IR-active (z symmetry) phonon peaks.?> Currently, the
Raman-selection rules about ZFS transitions are not well understood, requiring further studies.

Inelastic neutron scattering (INS) is a powerful method for probing magnetic energy

39-44 25-26,31,45-52 INS
3

levels and phonons in d and f complexes with increasing uses recently.
covering a variety of methods and spectrometers, has been reviewed.*>>* As in FIRMS, finding a
magnetic peak among phonon peaks in INS spectra is often a challenge. INS may directly reveal
magnetic transitions, especially when few phonons are nearby.3!**3! When magnetic peaks
overlap with phonons, VT or variable-field INS may be used to reveal the magnetic peaks. The
former, followed by Bose-correction (to bring peaks of phonons, which are Bosons, at different
temperatures to a similar level), may show magnetic peaks (from electrons, which are
Fermions).?>*? Here, calculated INS spectrum of phonons may help reveal the magnetic peaks.
The latter applies magnetic fields, shifting magnetic transitions, while phonons are unaffected by
magnetic fields unless there is spin-phonon coupling. To date, magnetic fields have only

32,48-49

sparingly been used for inter-Kramers doublet (KD) transitions in SMMs.

Spin-phonon coupling in SMMs is the primary mechanism for magnetic relaxation, often



relying on the direct or Raman mechanisms.>* In recent years, the couplings between the excited
magnetic peak and neighboring phonons have been directly observed in both d and f
complexes.?>23-26:4855-36 In many cases, these couplings can be fit to a simple spin-phonon
coupling model and present coupling constants of ~1-3 cm’!, the nature of which is under
investigation by theory.’>"-6

Herein, we present a comprehensive spectroscopic study of Co(AsPhs):12 (1) to evaluate
the inter-KD ZFS transition Ms = £3/2 — +1/2 by a combination of FIRMS, RaMS and INS
assisted by phonon calculations. The magnetic peak is clearly visible by all three methods,
displaying spin-phonon couplings in the form of avoided crossings in both FIRMS and RaMS.

Several techniques to probe magnetic properties of transition metal complexes are summarized in

a table at the end of Results and Discussion.

Results and Discussion

Structure of 1 is given in Figure 1,!” showing molecular (or local) symmetry of
approximately C2y which will be used to discuss its magnetic transitions. In a D <0 system,
expected transitions stem from the ground state Ms=£3/2 (E = 0) or mixed state @12 (£ # 0;
Figure 1).57-% Crystal structure of 1 (P21/c, No. 14) with four molecules in a monoclinic unit cell
has centrosymmetric C2r symmetry, making phonons in either g (A4g, Bg) or u (Au, Bu) modes.
Transitions between ZFS states are primarily magnetic-dipole allowed,*® making them g-g
transitions in centrosymmetric C2x.2> However, when considering the local symmetry in Ca, for
one molecule of 1 (with no inversion center at the Co' ion), Ms = +3/2 and £1/2 states are

represented by E12 (or I3) in C2' double group.®-"
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Figure 1. (Left) Structure of Co(AsPhs)212 (1). (Middle) ZFS pattern of a high-spin Co!" ion with
D <0, E=0. (Right) Quartet levels in 1 with lower symmetry [E # 0, D'= (D*+ 3E?)"2]; Mixing

coefficients a = cos B and b = sin P are described by the mixing angle p [tan 2p = V3 (E/D)].67-6%

FIRMS

Transmission spectra of 1 (Figure 2) reveal a weak magnetic transition originating at ~54
cm’!, splitting linearly with field and revealing weak avoided crossings with IR-active phonons.*®
The couplings, not immediately recognizable in the raw spectra (Figure 2-Middle) but clear in
the contour plots (Figure 2-Bottom), do not displace entire peaks, and instead only appear to
involve a small portion of phonon intensities.

Reflectance spectra of an unoriented single crystal of 1 [Figure S1 in Supporting
Information (SI)] show that, while the contour plot (Figure S1-Bottom) is not as clear as Figure
2-Bottom, avoided crossings are clearly seen at the strongest interaction points, i.e., points of the
closest proximity. Figure S1-Top also shows extremely weak intensity shifting to lower energies
with field (i.e., red-shift). We attribute blue- and red-shift peaks in both transmission and
reflectance spectra to Ms=-3/2 (41) > —1/2 (¢3) and Ms=+3/2 (¢2) — +1/2 (¢4) transitions,
respectively. Due to the low temperature of the sample (5.3 K), ground state (¢41) is appreciably
populated at applied fields by Boltzmann statistics. As the fields increase, relative energy of the

#2 state increases, leading to further intensity decreases for transitions originating from this state.
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Figure 2. (Top) Spectra normalized to the zero-field spectrum. (Middle) Transmission FIRMS
spectra of 1 at 5.3 K. The peaks pointing down are phonons. (Bottom) Contour plot of
normalized data (by average across all fields). White lines indicate fittings from Eq. 2. Fitting

parameters are shown in Table S1.



Compound 1 is part of a growing set of Co"-based SMMs reported in recent years,
displaying a magnetic peak clearly involved in avoided crossings with neighboring
phonons.?*2>4835 These couplings can obscure the origin of the magnetic peak, making direct
determination of the peak extremely difficult using only the FIRMS spectra. These couplings,
displayed in a contour plot of the normalized spectra, can be visually fit using a spin-phonon
coupling model to assist in determining the peak location at zero field.*>*3

In the simplest phenomenological model not including potential field dependency, a
single spin-phonon coupling can be fit using a Hamiltonian matrix in Eq. 1.”! Eigenvalues of Eq.

1 at each field give energies of the coupled peaks, showing a repulsion instead of crossing

without interacting.

H= (Lij/ip Elllah) (1)

where Esp and Eph = energies of a magnetic/ZFS |¥sp) and phonon |Pph) peak, respectively. A =
coupling constant dictating the interaction between both peaks (A = half the distance in energy

between them at their closest point of interaction).

Using an expanded matrix, e.g., Eq. 2, we have fit each of the avoided crossings
simultaneously. This fitting assumes the blue-shifting peak couples with seven phonons while
the red-shifting peak interacts with only three. It is possible they couple with additional phonons.
However, for powder samples, the magnetic peaks tend to broaden and become weaker with
higher fields due to crystal orientations, making additional couplings too weak to observe, even

in the normalized contour plot.
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This fitting assumes that couplings between Esp1 and Epha-10 as well as between Esp2 and Ephi-3 are
nonexistent. In reality, the coupling is nonzero, but likely vanishingly small. The fitting results, ,
yielding coupling constants 4 = 1.5-2.1 cm™' (Table S1).

Results of our fits are in a good agreement with experimental data with lines in Figures 2
and S1 following the shift of each peak. As the ¢1 — ¢3 peak shifts to higher energies (Figure 2),
it experiences an avoided crossing with each phonon until ~80 cm™'. The red-shifting ¢2 — ¢4
peak behaves similarly, with the exception that the magnetic peak eventually disappears below
~45 cm™ at 7-9 T. In this fitting, the ZFS transition originates from 54 cm™ and splits into two

peaks residing at ~35 and ~90 cm™ by 17 T.

RaMS

In the RaMS studies,” a single crystal was excited with a 532 nm laser with magnetic
fields from O to 15 T. Results agree well with those of FIRMS, showing a ZFS peak originating
at ~54 cm™' shifting to 90 cm™ by 14 T (Figure 3). This peak shifts linearly with magnetic fields,

and does not noticeably broaden with fields. This is expected, since only a single



orientation/crystal face was measured. Unlike in FIRMS, the ZFS peak does not appear to couple
to any phonons with the exception of a single phonon at 60 cm™. The coupling can be fit using
Eq. 1, giving a relatively small A=1.0 cm™."!

Due to the dense population of phonons, it is not clear whether the ZFS peak is Raman-
allowed by its own intensity or if it must rely on the borrowed intensity of nearby phonons. This
latter case includes RaMS of Co(acac)2(H20)2 showing no ZFS peak at zero-field.?> Only when it
shifts into close proximity to adjacent g phonons does the ZFS peak steal intensity from these
phonons in avoided crossings. Once the ZFS peak passes the phonons, it gradually disappears
again.?> A similar phenomenon may happen here. The magnetic peak is easily observed at zero-
field in the midst of several phonons. Once the ZFS peak is in regions with few phonons, such as
66-71 cm™ and >77 cm™!, it becomes exceedingly weak. It is worth noting the structural
differences between Co(AsPhs):I2 (1) and Co(acac)2(H20)2,% which, to our knowledge, are the
only two metal complexes displaying spin-phonon couplings in RaMS spectra. The molecular (or
local) symmetry of Co(acac)2(H20):2 is Can with the Co(II) ion at the inversion center of both the
molecule and the crystallographic unit cell.>>"* In comparison, the inversion center in the unit

cell of Co(AsPhs):12 (1) is among four molecules, each with local C2y symmetry.
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Figure 3. (Top) Stacked Raman spectra of 1 at 0-15 T and 5 K. Peak A = ZFS transition, B =
phonon. After spin-phonon coupling (as an avoided crossing at 2-3 T), peak A has become a
phonon at 14 T, while peak B has become magnetic and blue-shifted. (Bottom) Contour plot of

RaMS for 1. The white line indicates a fit of an avoided crossing with peak B using Eq. 1.

INS

INS studies of 1 were conducted at both indirect-geometry VISION* and direct-

11



geometry DCS” at 0, 5, and 10 T. Use of different INS instruments in coordination chemistry
was recently reviewed.*

As magnetic peaks are stronger at low |Q| (known as forward scattering; Q = vector of
momentum transfer) in VISION, forward scattering data were used. In INS spectra, phonons tend
to attenuate with increased temperatures. This 1s mitigated by Bose-correction, making phonon
intensities at different temperatures about the same in Bose-corrected spectra and thus easier to
identify magnetic peaks. In Figure 4, the ZFS peak at ~53 cm™! decreases in intensity
significantly at 50 K and nearly disappear at 100 K, by the Boltzmann distribution of molecules
to the excited KD ¢34 (Figure 1), while phonons do not show such noticeable changes. We
suspect that the ZFS peak of 1 is in a region with many phonons overwhelming the magnetic

peak. To address this issue, INS of 1 at different magnetic fields at DCS were studied.

Bose-Corrected Forward
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T T T T T T T T T T T
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Figure 4. Forward-scattering INS spectra of powders of 1 at 5, 50, and 100 K at VISION.

Signal-to-noise ratios of the peaks in DCS spectra are low, as the magnet blocks many

12



detectors. Variable-field INS spectra of 1 at DCS (Figure 5) show a strong peak at 54.4 cm™!
overlapping with a phonon. With field increases, the Zeeman effect shifts the magnetic peak to
higher energies, while phonons remain at the same position. At 5 T, the magnetic peak shows up
at 61.6 cm™! and the intensity of the peak at 53.2 cm™ was reduced. At 10 T, the ZFS peak shifts
further to 67.3 cm™ and leaves a phonon peak at 61.5 cm™. The phonon peak at 35.6, 41.7 and
74.9 cm’ remained at the same position with changing magnetic field. This peak shifting pattern

indicates that the ZFS peak is located at 54.4 cm™ at 0 T.

Intensity (Arb. Unit)

Energy Transfer (cm'1)

Figure 5. INS spectra of powders of 1 at 1.5 K under 0, 5 and 10 T magnetic fields at DCS.

Electronic Structure Calculations
To further elucidate the nature of ZFS, calculations using the complete active space self-
consistent field (CASSCF) followed by N-electron valence perturbation theory (NEVPT2) were

performed on the crystal structure of 1. Energies of the spin-free quartet and doublets states are
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provided in Table S3. As per the Cay splitting pattern, the *7> first excited state in Tz geometry
splits into the *41, “B1 and *B: excited states and NEVPT2 computed energies of these states are
~2859 cm!, 3336 cm’!, and 3905 cm!, respectively. According to the NEVPT2-computed SOC
spectrum, the energy gap between the ground- and first-excited KD is 35.8 cm™! (NEVPT2).
Wavefunction decomposition analysis indicates the ground state *42 KD composition to be
74%|3/2; £3/2) +21% |3/2; £1/2). The calculated effective g-values for the ground state KD are
gmin = 0.579, gmia = 0.627, and gmax = 7.259, which are highly axial in nature (Figure S4). The
projection of the quartet and doublet excited states of NEVPT2 (CASSCF) calculations onto an S
= 3/2 pseudo-spin yields D =—17.9 (=20.5) cm™ and E/D = 0.09 (0.17). The sign and magnitude
of D and |E/D| match nicely with experimental results. The small |E/D| indicates highly effective
axial behavior of the Co ion in 1. Simulated magnetic susceptibility and magnetization data
using computed spin-Hamiltonian (SH) parameters are in good agreement, reflecting the
reliability of the computed SH parameters (Figure S4). The large ZFS of (-=17.0) —20.7 cm’!
results from the local C2y symmetry, allowing mixing of the ground and low-lying excited states
via spin-orbit coupling. The largest contributions to ZFS arise from the three low-lying excited
quartet states “41,*B1, and *B>. The negative value of D stems from the mixing between the di2-2
and dyxy orbitals via the z-component of the orbital operator (Figure S5). A small contribution
from the low-lying 27> (?G) doublet states is also computed, resulting from excitations within the
r-subshell.

Ab initio ligand field theory (AILFT) allows one to extract ligand field parameters using
CASSCF wavefunctions along with CASSCF energy eigenvalues and their second-order energy
corrections for dynamical correlation (NEVPT2). These parameters are a 5 X 5 matrix of the

effective one-electron ligand field and Racah parameters B and C describing spherically-

14



averaged interelectronic repulsions within the d” shell of the transition metal, i.e., d’ for 1.
The NEVPT?2 ligand field matrix (Eq. 3) yields, in a hidden way, valuable information
about the metal-ligand interactions; unraveling this information is best done in the framework of

the angular overlap model (AOM).”® It allows for the presentation of the matrix elements

(1187 48 —65 19 1252 ]
—48 -1488 —94 251 50
V(NEVPT2)=| =65 —94 1794 31 562 (3)
19 -251 31 331 -113
1252 50 562 113 1824

of the effective ligand field Hamiltonian V;; = (di |I7e f f|dj) as a sum of terms from each of the

ligands, I and AsPhs (Eq. 4).

_ 0 TTj OAs
Vij —aij0,+aij7r,+aij Tas (4)

Each of these contributions is factorized by a factor aij depending on the ligand (L)
position which is the function of geometric angles extracted from the X-ray structure of the
complex, times parameters characterizing each interaction of the metal with the ligand. These
parameters are “standardized” using metal 3d type atomic orbitals (AOs) and ligand AOs ideally
aligned for o and 7 interactions. These parameters do not depend on the complex geometry but
only on the metal-ligand distance and the given ligand's nature. In 1, I" is expected as a o- and 7~
donor, while AsPhs is solely a o-donor, as the 7-orbitals on the As atom is involved in strong
bonds to the three phenyl groups. These parameters are defined in Figure 6 as the destabilization

of the metal 3d-orbital by covalent antibonding and electrostatic interactions with I~ and AsPhs,
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Figure 6. (Left) Definition of the angular overlap model parameters for Co-I (o7 and ;) and Co-
As (0,s) along with the corresponding energy destabilization effect of the Co d,(d,2) and
dr(dyzyz)- (Right) NEVPT2 matrix elements (abscissa) and their values computed using Eq. 4

along with values of a best fit of the parameters oy, 7y, 055 (see Table 1).

A best fit of the parameters gy, [, 055 using the values of the matrix elements in Eq. 3
results in numerical values (Table 1) reproducing the NEVPT2 matrix elements with remarkable
consistency (Figure 6). The results allow one to characterize I” as a weak o- and z-donor, while
AsPhs, based on the consistency of the adopted bonding model, as pure o-donor. While o1 and
oas are slightly larger for NEVPT2 than the CASSCEF results, values of m from the two
treatments are almost the same. As shown earlier,’”’ this effect is due to the constrained form of
NEVPT2 Hamiltonian incorporating the dynamic correlations only at the level of total energies,
as the wavefunction is at the CASSCEF level only. As a result of this constraint, the CASSCF and

NEVPT2 results are quite close in values and induce substantial standard deviations in the latter
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AILFT method. Thus, going from CASSCF to NEVPT2 does not reflect the expected increase of
covalency, which should be quite large for both ligands. For this reason, we also derived values
for o1, m, and oas (Table 1) using a direct fit to energies of spin-allowed d-d transitions, as in
spectroscopy. On comparison, dynamical correlation induces a considerable increase of o1, 7,

and oas from the CASSCF to the NEVPT2 results.

Table 1. Values of the angular overlap model parameters oy, 7y, 05 (cm™) from AILFT and from

a direct fit to spin-allowed d-d transition.

Direct fit to energies of spin (S = 3/2)
Parameters AILFT
allowed d-d transitions
CASSCF | NEVPT2 | CASSCF NEVPT2
oy 2666 2831 1188 1884
Ty 1368 1387 2355 3843
Oas 2932 3148 2548 3876
Standard deviation
90 98 102 170
Vij (NEVPT2) - Vjj (AOM)

It is interesting to compare the electronic structures of 1 with analogous Co(PPhs3):212

which was characterized experimentally in Ref. 32. The polarized d-d absorption spectrum of the

Co(PPhs)2l> reported by Tomlinson et al.”® allowed identifications of six spin-allowed d-d

transitions to afford deducing ligand field parameters from a best fit to these transitions:

o, =2177; n, =633;0, =2502; 7, =—1482 (cm™) claiming that the phosphor donor acts as a

n-acceptor, which was also proposed earlier by Davies et al.”® To check this proposal, we have

carried out CASSCF/NEVPT?2 calculations using the X-ray crystal structure of Co(PPhs)2l2,!”

17



giving angular overlap parameters (Table 2) to compare with those of 1. We have allowed for
non-zero values of 7, parameters of X = As and P ligands. This might be due to low-lying
empty 5d(4d) orbitals of As(P) which are in principle able to accommodate 3d electrons from the
more than half filled d” Co(II) configuration. Since the sp® character of these ligands lacks 7-
electrons for bonding, these parameters were fixed at zero in Table 1. The AILFT results in
Table 2 are not in support of nx acidities of the As and P ligands; 7, are, as expected, close to

zero. However, based on our ab-initio calculations of Co-X (X = As, P), x -back bonding cannot

be ruled out with underlying reasons in SI.

Table 2. Values of the angular overlap model parameters (cm™) o, ,7,;0, and 7, (X = As, P)

from a best fit to the corresponding 5 x 5 AILFT ligand field matrices from CASSCF/NEVPT2

calculations using X-ray structures from Ref. 17.

X =As X=P
o, 2832 2775 2788 2825
7, 1385 1345 1356 1384
oy 3147 3180 3736 3716
Ty - -96 - 58
Standard 98 97 112 111
Deviation

18



Phonon Calculations and Comparison with Spectra

While VISION spectra (Figure 4) illuminate the magnetic peak through variable-
temperatures alone, it is often difficult to do so without other spectra to compare to. We have
calculated the INS phonon spectrum using periodic DFT calculations in VASP (Vienna Ab initio
Simulation Package).!” The crystallographic symmetry of P21/c was used to assign phonon
symmetries using the Phonopy program.®® The calculated spectrum <300 cm™ is shown in Figure

7 and compared with those from spectroscopies. Calculated phonons are listed in Table S2 in SI.

Calc. INS

Intensity (Arb. Units)

T 0 =5

50 100 150 200 250 300
Wavenumber (cm™)

Figure 7. The 25-300 cm™! region of experimental Raman, far-IR and backscattering INS

(VISION) at zero field and 5.0 K with the calculated INS spectrum. The vertical line indicates
the position of the ZFS peak at 54 cm™!. Far-IR approaches zero transmittance above 300 cm™!
due to the amount of sample present. Raman at 300-550 cm™ and experimental and calculated

INS spectra at 300-4000 cm™! are given Figure S2.
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Comparison of the calculated and experimental INS spectra shows a reasonable match
throughout the entire range, even though many peaks do not line up exactly. Below ~150 cm™!,
the calculation does not accurately simulate the finer structure, only fitting to the general shape
of the spectrum, as the low-energy region is notoriously difficult to calculate. As a result, these
calculations are not useful for comparison with the VISION spectrum to determine the location
of the ZFS peak, but do provide insight into many of the phonon motions for each calculated
mode. Due to the lack of symmetry selection rules in INS, all calculated phonons within the
entire Brillouin zone in the calculated spectrum are expected. In contrast, both far-IR and Raman
are limited by symmetry selection rules and can only view modes originating at the I'-point in
the Brillouin zone. Nevertheless, each method provides a unique look at the phonon and

magnetic modes of 1.

Comparison between the Various Methods for the Extraction of Spin-Hamiltonian
Parameters

Magnetic sublevels of the S = 3/2 ground state, two Kramers doublets (KDs) and their
splitting in a magnetic field, are described by the spin-Hamiltonian in Eq. 5:

H,=D(S*-S(S+1)/3)+E(S? -S?)+p,(g.B.S, +2,B,S, +g.B.S.) (5)

v
D and E = axial and orthorhombic ZFS parameters; gx, gy, g- = g factors. This equation is in the
canonical magnetic frame in which the ZFS tensor becomes diagonal with Dxx, Dyy, D::
parameters so the D tensor is traceless (Dxx + Dyy + D2z = 0). D and E are defined by Eqgs. 6 and
7.81

D=(3/2)D, ©)

20



E=(1/2(D,-D,) (7)

ZFS, energy splitting of the two KDs, is given by the expression £, =2 D’ +3E? and

has been extracted from VT-INS, FIRMS and RaMS, giving Es, = 54 cm™'. The most impressive
result is the ability of the different spectroscopies to yield Esp., the same value coinciding almost
perfectly with that (51 cm™) from CASSCF computations.

Assuming no orthorhombicity (£ = 0), D = 1/2 Esp, giving the values in Table 3.
Magnetometry did not give the accurate D value, illustrating that the bulk, non-resonant
technique may not yield reliable ZFS parameters. Surprisingly NEVPT2 slightly underestimates
D. Contrary to spectroscopies, theoretical calculations yield all spin-Hamiltonian parameters.
The calculations show that roughly, E can be neglected [E(CASSCF) = 0.5 cm’!,

E(CASSCF/NEVPT2) = 1.6 cm™, D(CASSCF) = -25.70 cm!, DINEVPT2) = -17.90 cm™'].

Comparisons of Experimental Techniques to Probe Magnetism of Transition Metal
Complexes

Several advanced spectroscopies have been used in the current work. Their features and
those of a few other techniques we have employed in other studies are listed in Table 4 for
comparison. Krzystek and Telser have reviewed experimental techniques, including
magnetometry, EPR (including HFEPR), frequency-domain magnetic resonance (FDMR), INS,
magnetic circular dichroism (MCD), and Mdssbauer spectroscopy, to measure large magnetic
anisotropy in transition metal complexes.* Baker and coworkers have also discussed
spectroscopic methods to study molecular nanomagnets.>> FDMR can measure energies to 48

cm™ 32 However, it has mostly fallen out of use, as some parts are no longer manufactured.
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Table 3. Spin-Hamiltonian parameters for 1 (Eq. 5) from spectra, magnetometry, and CASSCF and NEVPT?2 calculations.?

Method Ey= D* |ED | g o g g g Jo Ref.
2VD* + 3E* KD1 | KD2 KD1 | KD2 KD1 | KD2
VT-INS 54.9 -27.45 - - - - This work
FIRMS 54.0 -27.00 - - - - This work
RaMS 54.0 -27.00 - - - - This work
Magnetometry 149.4 -74.7 - - - - Ref. 17

CASSCF 51.43 -25.7 | 0.02 | 2.400 | 0.186 | 4.930 | 2.362 | 0.106 | 4.640 | 2.654 | 7.961 | 2.646 | This work
CASSCF/NEVPT2 36.91 -17.9 | 0.09 | 2.278 | 0.576 | 3.917 | 2.234 | 0.627 | 5.053 | 2.440 | 7.262 | 2.381 | This work

ig/, g/, g’ = Effective g-factors in an s’ = 1/2 pseudo-spin Hamiltonian for ground KD1 and excited KD2.

® Values of D assuming E/D = 0.0.
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Table 4. Experimental techniques to probe magnetism of transition metal complexes®

b

Technique

Parameter(s) of

Interest

Approx. Energy
Range (cm™)

Features

Far-IR
magneto-

spectroscopy
(FIRMs)23,25,27

for Kramers

ions
D, E for non-
Kramer ions

Typically, 12-720
lc

cm’

Revealing magnetic transitions, i.e., energies of magnetic excited levels for
complexes with either unquenched or quenched orbital angular momenta.

For complexes with zero-field splitting (ZFS) (i.e., quenched orbital angular
momenta), direct and precise determination of D' or D, E

Broad spectral range.

Revealing spin-phonon couplings with IR-active phonons® (such as u phonons
in centrosymmetric crystals).

Appearance of phonons near the magnetic peak potentially complicating direct
observation of the latter due to spin-phonon coupling.

Small amount of powder samples (<5 mg) or single crystals; Samples typically
disposed after use.

Resolution at 0.3 cm™ for the facilities at NHMFL >}

Single temperature of ~5.5 K for the facilities at NHMFL.*

Raman
magneto-
spectroscopy
(RaMS)*

Dl
gx’ gyﬁ gz

10-3000 cm™ (direct
optic probe)

70-3000 cm™ (fiber
optic probe) based
on the facilities at
NHMFL™

Relatively broad energy range.

Revealing spin-phonon couplings with Raman-active phonons (such as g-
phonons in centrosymmetric crystals).

A small crystal required, although powder samples may be used.

Appearance of phonons near the magnetic peak potentially complicating direct
observation of the latter.

Selection rules for ZFS transitions in Raman spectroscopy not well understood.
Limited instrumental availability, requiring Raman filters and optical systems
to observe low energy peaks.

Resolution at 1-2 cm™' for the facilities at NHMFL.”

Inelastic
neutron
scattering
(INS)42’53

|1D'|

10-8000 cm’

Revealing magnetic transitions, i.e., energies of magnetic excited levels for
complexes with either unquenched or quenched orbital angular momenta.

For complexes with ZFS, direct determination of |D’|; Sign of D when Mg = 5/2
and 2°' by an direct-geometry INS spectroscometer®” such as CNCS* at
ORNL" or DCS” at NCNR.

Broad energy range for indirect-geometry spectroscometer®® such as VISION™
at ORNL.

Distinguishing between magnetic and phonon transitions via temperature-,”
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field-,"* and/or |Q|°-dependences,’’ depending on whether the spectrometer is
direct- or indirect-geometry.

Truly zero-field techniques requiring no magnet, although a magnet may be
used to reveal additional properties; The magnet often blocks large portions of
neutron detectors, leading to longer data acquisition and increased background.
No symmetry-based selection rule for phonons, leading to the observation of all
phonon peaks.

Resolutions varied depending on the energy ranges.
DFT-calculated phonon INS spectra by, e.g., VASP program for comparison
with experimental INS spectra, helping identify magnetic peaks.*?

Limited instrumental availability.

Large amount of powder samples (typically >0.5 g).

Samples possibly becoming radioactive, requiring decay times before reuse.

74,84

Highly accurate, direct determination of D and E parameters and g tensors.
Only magnetic-dipole-allowed transitions observed; However, phonons may
give complex spectra through spin-phonon couplings.

When D < 0, E = 0 (with no mixing of states, e.g., shown in Figure 1), the
transition within the ground doublet (—Ms — +Ms) is forbidden.*”!

ﬁlllggﬁl_ -field, . Compgtible with 'Kramers and non-Kramers complexes depending on
frequency D.E g.g,g Typically <33 cm” accessible frequencies and fields.
EPR reres e Limited energy range: ZFS transitions up to 30 cm” in non-Kramers (S =
(HFEPR)™ integers) and 15 cm™ in Kramers complexes for the user facilities at NHFML

e Limited instrumental availability.

e ZFS indirectly determined by multi-parameter fits to the field/frequency

dependencies of the resonances.

e Small amount of powder samples (<100 mg) or single crystals.

e Powder samples may be reused.

e Widely available instrumentation compared to HFEPR.

e Limited energy range.
Conventional <03 om” (X-band) e Typically incompatible with non-Kramers or easy-axis Kramers ions (i.e., D <
EPR (X- and D,E,g.g,8. or 1 2 em”! (Q-band) 0, £ = 0) due to frequency and field limitations (such systems are called EPR-
Q-band)*”*® ’ silent).

e Small amount of powder samples (<100 mg) or single crystals.

e Powder samples or single crystals which may be reused.
Magnetometry | DC:® e Suitable for a variety of compounds with no limits of ZFS
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(Magnetic
susceptibility

measurement)
2,4,89

D: E5 ga Ca 95 /ucfff:
M, M, He, Tc, Ty

AC:"
T, Relaxation
mechanisms

including the direct,
Raman, and Orbach
processes, Uy

Bulk, non-resonant technique likely prone to error; Impurities may also
contribute to the data, while spectroscopies may detect the impurities and
samples individually

Indirect determination of ZFS parameters

Challenging to measure accurately compounds with small magnetic moments
Difficult to distinguish the sign of D

Small amount of powder samples (<100 mg) or single crystals

Sensitive to precise determination of sample mass and background correction
from the sample holder

Samples reusable for other studies

Widely available instrumentation

D and E = Axial and rhombic anisotropic parameters, respectively; |D'| = (D? + 3E*)"?; g = Lande factor (or g-factor); gx, g, g- (also labled g, g,-

y, 2z) = Components in the g tensor.

® NHMFL = National High Magnetic Field Laboratory; ORNL = Oak Ridge National Laboratory; NCNR = NIST Center for Neutron Research.

¢ The instrument is also available in the IR range up to 6000 cm™.

4 Phonons include vibrations of both molecules and crystal lattice.

¢ Q = Vector of momentum transfer in neutron scattering processes.*

FAMs =2, 3, 4, and 5 for transitions within the ground doublet in S =1, 3/2, 2, and 5/2 complexes, respectively, while the selection rules for

magnetic-dipole-allowed transitions are AMs = 0, £1.”" In fact, when E is small, leading to little mixing of the states, e.g., shown in Figure 1, it

may still be difficult to observe the transitions within the ground doublet.

¢ C = Curie constant, § = Weiss constant, u.y = Effective moment, M," = Saturation magnetization, M, = Remnant magnetization, H. = Coercive

field, Tc = Curie temperature, 7y = Neel temperature.

" 7= Relaxation time, U,y = Effective energy barrier for spin reversal in the Orbach processes.
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Conclusions

Comprehensive spectroscopic studies of the magnetic and phonon features of 1 are
presented. FIRMS, RaMS and INS all accurately determine the magnitude of the ZFS peak.
Electronic calculations reveal the nature of the large magnitude and negative sign of ZFS, in
reasonable agreement with experiments. Both FIRMS and RaMS show avoided crossings with
nearby phonon peaks. Currently, it is unknown why the magnetic peak interacts mostly with IR-
active modes and not Raman. These couplings may be present in INS, but we lack significant
fields and energy resolution to distinguish them. Further research must be performed to
determine the “selection rules” for spin-phonon couplings, as these modes likely hinder the

performance of slow magnetic relaxation in high-temperature SMMs.

Experimental Section

Synthesis of 1. Complex 1 was synthesized and crystallized under N2 using Schlenk techniques
according to previously reported methods.!” The compound is slightly air-sensitive.

FIRMS and RaMS. FIRMS and RaMS were conducted at NHMFL, Florida State University.

For FIRMS, the powdered samples were mixed with n-eicosane and pressed into pellets
~1 mm thick. Spectra were collected at 5.3 K using a Bruker Vertex 80v FT-IR spectrometer
coupled with a superconducting magnet (SCM) with fields up to 17 T.

For RaMS, single crystals of 1 were mounted on a brass sample stage. Data were
collected by a backscattering Faraday geometry using a 532 nm free-beam laser in a 14 T SCM
cooled to 5 K in the Electron Magnetic Resonance (EMR) facility. Collected scattered light was
guided via an optical fiber to a spectrometer equipped with a liquid nitrogen-cooled CCD

camera.
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INS with Variable Fields and Temperatures. Variable-field data were collected at the time-of-
flight (TOF) DCS™° on a 2.3 g of 1 wrapped with aluminum foil inside an aluminum can and
placed in a 10 T vertical magnet and a dilution refrigerator. Data were collected up to 145 cm™ at
1.5 K with an incident wavelength of 1.81 A (201.6 cm™) at 0, 5, and 10 T. In addition, zero-
field data at 20 K were collected, but no significant difference between the spectra at 1.5 and 20
K (0 T) was observed. Data processing was completed with Data Analysis and Visualization
Environment (DAVE).*® The INS experiments are particularly challenging, as the distance
between the split magnet coils necessitates a smaller neutron beam, leading to reduction of the
incident beam size by a factor of 2.5 and a concomitant shadowing of detectors, giving ~33%
detector efficiency.

VT INS spectra at VISION,”*?! Spallation Neutron Source (SNS), ORNL, were measured
at 5, 25, 50, 75, and 100 K for 1 h at each temperature using the same 2.3-g sample of 1 in an
aluminum container. VISION®! provides data up to 4000 cm™'. The inverted geometry design at
VISION offers two banks of detectors for both forward (low |Q|) and back (high |Q)|) scattering

of neutrons. The phonon population effect was corrected by normalizing the INS intensity at

. h
energy transfer o with coth 2 )0
2kpT

Electronic Structure Calculations. All electronic structure calculations were performed on the
X-ray crystal structure data using ORCA 4.2.1 code.””** We have employed a complete-active
space self-consistent field (CASSCF)** with a minimal active space comprised of seven d-
electrons in five active d-orbitals, i.e., CAS(7,5) for complex 1. Scalar relativistic effects were
incorporated employing the Doughlas-Kroll-Hess (DKH) approximation.®® Here, we have
employed the DKH-adapted version of the def2-TZVP basis set for Co, As, C, and H atoms.***’

DKH-adapted version of the Sapporo basis sets were employed for I atoms.”® N-electron valence
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perturbation theory (NEVPT2) calculations®-'%! were performed to capture the dynamic
correlations. As an initial guess to the CASSCF calculations, we have used quasi-restricted
orbitals (QROs) from DFT calculations. All 10 quartet and 40 doublet states were computed at
both CASSCF and NEVPT?2 levels of theory. AILFT analyses were performed to analyze the d-
orbital ligand field splitting pattern.'°?'% To further quantify the nature of Co-As and Co-I
bonds, 5 x 5 one electron ligand field matrix were fitted with e; and e, parameters as defined in
the Angular Overlap Model (AOM).

VASP!% Calculations of 1. Geometry optimizations were performed based upon the single-
crystal X-ray structure of 1 determined at 293 K. The optimized structure was used for the
phonon calculations. Spin-polarized, periodic DFT calculations were performed using VASP
with the Projector Augmented Wave (PAW)!%-17 method and the local density approximation
(GGA)!® + U (U = 5.0)* exchange correlation functional. The energy cut off was 800 eV for the
plane-wave basis of the valence electrons. Total energy tolerance for electronic structure
minimization was 10 eV. The optB86b-vdW non-local correlation functional that
approximately accounts for dispersion interactions was applied.'” For the structure relaxation, a
2 x 2 x 4 Monkhorst-Pack mesh was applied. Phonopy,!!? an open source phonon analyzer, was
used to create the 1 x 1 x 1 supercell structure and extract symmetries. VASP was then employed

to calculate the force constants on the supercell in real space using DFT.

Supporting Information

The Supporting Information is available free of charge at https://pubs.acs.org.

Author contributions, reflectance FIRMS spectra, table of fitting parameters of spin-

phonon couplings in FIRMS transmission spectra, additional RaMS, INS and calculated INS
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spectra, table of calculated INS phonons, additional results of the electronic calculations, and

input file for ORCA calculations. Movies of phonons (vibrations) are also included.
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Zero-field splitting (ZFS) in Co(AsPhs):l2, a single-molecule magnet (SMM), has been
probed by inelastic neutron scattering, far-IR magneto- and Raman magneto-spectroscopies, and
electronic calculations, revealing 2D’ = 54 cm™!. Spin-phonon couplings as avoided crossings
have been observed in both Raman (g modes) and far-IR (z modes) spectroscopies. The phonon
modes and their symmetries have been assigned through DFT calculations. Features of different

techniques to determine ZFS and other parameters are summarized.
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