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Abstract 

 Magnetism of molecular quantum materials such as single-molecule magnets (SMMs) 

has been actively studied for potential applications in the new generation of high-density data 

storage using SMMs and quantum information science. Magnetic anisotropy and spin-phonon 

coupling are two key properties of d- and f-metal complexes. Here, phonons refer to both 

intermolecular and intramolecular vibrations. Direct determination of magnetic anisotropy and 

experimental studies of spin-phonon coupling are critical to the understanding of molecular 

magnetism. This article discusses our recent approach in using three complementary 

techniques, far-IR and Raman magneto-spectroscopies (FIRMS and RaMS, respectively) and 

inelastic neutron scatterings (INS), to determine magnetic excited states. Spin-phonon 

couplings are observed in FIRMS and RaMS. DFT phonon calculations give energies and 

symmetries of phonons as well as calculated INS spectra which help identify magnetic peaks in 

experimental INS spectra. 

 

Introduction 

Magnetism of metal complexes has been of intense current interest, as it is a key 

property in many molecular quantum materials such as single-molecule magnets (SMMs).1-26 In 

SMMs consisting of metal ions surrounded by ligands, each molecule behaves as a magnet. 

SMMs are fascinating subjects of study with potential applications in high-density data storage1-4 

and spintronics that investigates the spin of the electron in addition to its negative charge in 

devices.27, 28 A wide range of d and f (mainly lanthanide) metal complexes have been found to 

possess SMM properties. Research in the SMM areas has been extensively reviewed.1-26 One 

basic property of metal complexes with unpaired electrons, critical to SMM performance, is 

magnetic anisotropy,24, 25, 29 which reflects the difference in magnetic properties among x, y, and 

z directions. The characterization of magnetic anisotropy is one focus of this article. Techniques 
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to characterize magnetic anisotropy in SMMs are recently reviewed by Krzystek and Telser.30 In 

this article, two SMMs, CoII(acac)2(D2O)2 (acac− = acetylacetonate, 1)31, 32 and ErIII[N(SiMe3)2]3 

(2)33 in Fig. 1, are used here to illustrate magnetic anisotropy and our spectroscopic 

determination of their anisotropies using a combination of FIRMS, INS, and in the case of 1, by 

RaMS. 

The local molecular symmetry in 1, i.e., the symmetry around the CoII ion, is 

approximately D2h, indicating that all three axes x, y and z are different.31, 32 In 2, there is a C3 

rotation axis through the z axis, making the x and y axes equivalent with 2-fold degeneracy and 

local C3v symmetry.33 It should be pointed out that the local molecular symmetry is typically 

different from the crystallographic symmetry. Crystal structure of Co(acac)2(H2O)2, protio 

isotopologue of 1, in the monoclinic P21/c (No. 14) space group has C2h crystallographic 

symmetry.31, 32 Crystal structure of Er[N(SiMe3)2]3 (2) is disordered over two positions above and 

below the N3 plane in the molecule, and its trigonal P3̅1c (No. 163) space group has D3d 

crystallographic symmetry.33 While the local molecular symmetry may be used to understand 

magnetic transitions, the crystallographic symmetry is needed to interpret phonon properties 

and spin-phonon couplings as demonstrated below.  

 

 

Fig. 1. Two complexes with different local molecular symmetries around the metal ions. 

 

As a result of the lowered molecular symmetry (from octahedral Oh) in transition metal 

complex 1, containing three unpaired electrons (S = 3/2), its spin multiplicity 2S + 1 = 4 is split 

into two doublets known as Kramers doublets. The splitting for CoII(acac)2(D2O)2 (1) into the two 

doublets ϕ1,2 and ϕ3,4, called zero-field splitting (ZFS),2, 9, 34 is shown in Fig. 2a.31, 32 In other 

words, in the absence of an external magnetic field (i.e., zero field), the electronic ground 

quartet level is split. The anisotropy and Zeeman effect are characterized by the following 

simplified spin-Hamiltonian: 
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where 𝑆̂𝑖 = components of the spin operator 𝑆̂ in the x, y and z directions; D and E = axial and 

rhombic ZFS parameters, respectively; B = electron Bohr magneton; 𝑔𝑖 = components of the g 

factor in the x, y and z directions; B = external magnetic field. 

 

 

Fig. 2. (a) ZFS in 1 into two doublets; 2D′ = 2(D2 + 3E2)1/2. The axial ZFS parameter D is 

positive in 1.31 The D > 0 complexes have the easy-plane (or hard-axis) anisotropy. The ground 

state ϕ1,2 are mostly MS = 1/2 which are mixed with MS = 3/2, as a result of x  y in 1 (i.e., 

rhombic ZFS parameter E). In other transition metal complexes such as Co(AsPh3)2I235 not 

discussed in this article, the ϕ1,2 and ϕ3,4 levels are reversed of that in (a), as its D < 0. That is, 

ϕ3,4 is the ground level, while ϕ1,2 is the excited level. These D < 0 complexes have the so-called 

easy-axis anisotropy. In both easy-plane and easy-axis anisotropy, the z axis is unique (and is 

the hard- and easy-axis, respectively). (b) Spin-orbit coupled ground state 4I15/2 in the lanthanide 

ErIII ion is split by the crystal field of the ligands in Er[N(SiMe3)2]3 (2) into eight doublets (in the 

order of increasing energy) MJ = 15/2, 13/2….1/2.33 In both (a) and (b), the use of external 

magnetic field B leads to the Zeeman splitting. 

 

The significance of ZFS to magnetization and relaxation processes in transition-metal 

SMMs is that it is an important parameter in barriers for magnetization and relaxation 

processes, as reviewed in, e.g., refs. 1, 2. For lanthanide-based SMMs, there are also barriers 

for magnetization and relaxation processes.3-7, 11, 13-19, 21-25, 36 Recent advancements have 

contributed to the development of more efficient SMMs with improved stability and control over 

magnetic behavior. 

The anisotropy parameters D and E are typically determined from fitting variable-
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temperature DC (direct current) magnetic susceptibility data from magnetometry. The technique 

is relatively easy to use and more readily available. However, it is an indirect method using best-

fit analysis which may give unreliable results including the sign of D, unless multi-field and 

magnetization data are included.37 The magnitude of the rhombic parameter E is even more 

difficult to predict without in-depth single-crystal analysis. The fits of DC susceptibility data also 

often require the inclusion of additional terms such as intermolecular interaction (zJ) and 

temperature independent paramagnetism (TIP) which may complicate the determination of ZFS 

parameters. Therefore, direct methods to accurately measure ZFS parameters and magnetic 

excited states are needed. High-field electron paramagnetic resonance (HFEPR) is a powerful 

tool to measure ZFS up to approximately 33 cm−1 for, e.g., the facilities at the US National High 

Magnetic Field Laboratory (NHMFL).30, 38-41 Sometimes, simulating HFEPR spectra or combining 

HFEPR and DC data fitting may measure larger ZFS,42-46 although using the DC data fitting here 

may not give reliable ZFS parameters. Using FIRMS,31, 33, 35, 37, 40, 47-66 frequency-domain-Fourier-

transform-terahertz-EPR spectroscopy (FD-FT-THz-EPR),54, 67, 68 and INS69-79 to determine 

magnetic excited levels and anisotropy has been reported. It should be pointed out that 

magnetic anisotropy of metal complexes has also been determined by cantilever torque 

magnetometry (CTM)74, 80-86 which was recently reviewed by Perfetti,87 angle-resolved 

magnetometry,88-91 and μ-SQUID magnetometry used by, e.g., Wernsdorfer and coworkers.92-95 

In addition, electronic structures in metal complexes have been determined by spectroscopic 

techniques such as magnetic circular dichroism (MCD),30, 48, 96-99 luminescence,100-104 and 

FIRMS. For us, finding spectroscopic methods to directly determine energies of magnetic 

excited states that are >33 cm−1, i.e., large magnetic anisotropy, has been one goal of our 

recent research.  

Another goal of our research is to probe how magnetic and vibrational excited states in 

SMMs are coupled. Vibrations here include both molecular and lattice vibrations, together 

known as phonons.105, 106 Thus, the coupling of the magnetic and vibrational excited states is 

called spin-phonon coupling. The coupling is a key process in the spin-lattice relaxation of 

molecules from magnetic excited states. Understanding spin-phonon coupling in SMMs has 

been of intense current interest,48, 63, 82, 107-123 including the use of ab initio theory of spin-phonon 

relaxation.107-112, 115 We have sought to probe spin-phonon coupling by spectroscopies.31, 33, 35, 53, 

54, 124 

This article discusses our recent efforts to use a combination of far-IR and Raman 

magneto-spectroscopies (FIRMS and RaMS, respectively), and inelastic neutron scattering 

(INS) to study magnetic anisotropies31, 33, 35, 40, 53-55, 124-127 and spin-phonon couplings in metal 
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complexes, determining magnetic excited states and coupling constants, Sometimes, the 

combined use of FIRMS with high-field EPR (HFEPR) leads to the determination of spin-

Hamiltonian parameters D, E and g for transition metal complexes.37, 54, 55, 57, 59-62 Each of the 

spectroscopies will be briefly overviewed first, followed by discussion of their use for complexes 

1 and 2. The use of HFEPR has been reviewed30, 38, 39 and, other than a summary in Table 1, it 

will not be discussed below.  

The facilities we have used include FIRMS128 and RaMS129 at NHMFL and INS such as 

Cold Neutron Chopper Spectrometer (CNCS)130 and Vibrational Spectrometer (VISION)131 at 

Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL), and Disk Chopper 

Spectrometer (DCS)132 at NIST Center for Neutron Research (NCNR). 

 

Overview of spectroscopic techniques to determine magnetic excited states and spin-

phonon couplings 

Experimental techniques, including FIRMS, RaMS, INS, HFEPR, conventional EPR, and 

magnetometry, to probe magnetism of transition metal complexes are summarized in Table 1 

originally published in ref. 35. The overview below also includes FIRMS, RaMS, and INS for 

both transition metal and lanthanide complexes. Krzystek and Telser recently reviewed 

techniques to measure large magnetic anisotropy in transition metal complexes relevant to 

single-molecular magnetism.30  

 

Far-IR magneto-spectroscopy (FIRMS) 

FIRMS is far-IR spectroscopy, typically in the 12-720 cm−1 range, conducted with 

variable magnetic fields. Far-IR is used, as the magnetic excited levels are often in the energy 

range. Since there are many IR-active phonons in the range which do not change with the 

fields, the variable magnetic fields help identify the magnetic peaks which shift with the fields. In 

a FIRMS experiment, far-IR spectrum is first obtained at 0 T. Then, spectra at different fields are 

obtained and analyzed to identify the magnetic transitions and spin-phonon couplings. The high-

energy side of FIRMS may extend to 720 cm-1 into the IR range. 

The experimental set up in FIRMS is analogous to that of a typical IR experiment, except 

that the sample is placed inside a magnet. The light source and the far-IR spectrometer are 

linked to the sample, often cooled to 5 K. The magnetic transitions are magnetic dipole-allowed 

and governed by transition moment operators that have the symmetry properties as the 

rotations (Rx, Ry, Rz) in the character tables of point groups that molecules belong to.133-135 This 

is in contrast to an electronic (d-d) transition, usually giving UV-visible spectra, or a phonon 
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transition from its ground to the first excited vibrational state (i.e., the so-called a fundamental 

transition) in IR. Both electronic and phonon transitions are electric dipole-allowed and governed 

by transition moment operators with the symmetry properties as the Cartesian coordinates (x, y, 

z) in the character tables.136  

A powder sample in an eicosane (a waxy chemical) matrix is often used in FIRMS. 

Sometimes, FIRMS could be obtained from a single crystal, which requires the pre-

determination of the crystal orientations. The advantage of using a powder sample is that the 

operation is relatively easy and fast. However, since the powder contains particles in all 

directions (x, y, z), the interpretation of the spectra may be more challenging. When using 

powder samples, FIRMS may easily reveal the energies of the excited level such as 2D = 2(D2 

+ 3E2)1/2 in Fig. 2a, as shown in the examples below. HFEPR may also be needed to give the 

E/D ratio so both D and E may be obtained.30, 40, 95 

When Bracket, Richards and coworkers demonstrated over 50 years ago that transitions 

among ZFS states are magnetic dipole-allowed, they used an earlier version of FIRMS to study 

ZFS in metalloporphyrin complexes.133-135 By the time we started using FIRMS to probe SMMs a 

few years ago,31 the technique had been used to study magnetic transitions in both transition 

metal and lanthanide complexes,47-52 including the works by van Slageren, Dressel, and 

coworkers.48-52  

Frequency-domain-Fourier-transform-terahertz-EPR spectroscopy (FD-FT-THz-EPR) is 

another far-IR setup with external magnetic fields, which differs from FIRMS in the technical 

outline and specifications.54, 67, 68 This technique can detect 10–200 cm−1 magnetic gaps. 

In recent years, FIRMS has been extensively used to probe magnetic excited states in 

both d-31, 35, 37, 40, 51, 53-62 and f-element complexes,33, 52, 59, 63-66 providing understandings of 

magnetic anisotropy. 

 

Raman magneto-spectroscopy (RaMS) 

RaMS is Raman spectroscopy, typically in the 10-8,000 cm−1 range, conducted with 

variable magnetic fields. RaMS facilities129 are rarer than FIRMS. 

Transitions among electronic orbitals have been studied by Raman, and the selection 

rules for such electronic Raman transitions are known.137, 138 Since f-electrons undergo spin-

orbit coupling (SOC), followed by crystal field splitting as shown in Fig. 2b, the transitions 

among the levels contain both spin/magnetic and orbit/electronic features. Thus, the latter may 

make transitions among these levels in f complexes observable in Raman, since the levels 

contain some orbital component due to their inherent SOC.137, 138 For transition metal 
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complexes, if the angular momentum of d-electrons are unquenched, giving first-order SOC 

(i.e., with no ZFS), transitions among the SOC levels may be similarly observed in Raman. For 

example, high-spin d6 [FeII(H2O)6]SiF6 containing the nearly perfectly octahedral Fe(H2O)6
2+ ion 

(with four d electrons in the t2g orbitals) has essentially unquenched orbital angular 

momentum.139 Energies of several magnetic energy levels were studied by RaMS by Gnezdilov 

and coworkers,140 which were confirmed by other methods.30, 141, 142 To the best of our 

knowledge, when we probed RaMS of 1 with ZFS (i.e., quenched angular momentum without 

first-order SOC), Raman spectroscopy had not been used to probe magnetism in other 

molecular complexes. 

The selection rules for transitions among ZFS, however, are not clear. Very little work 

has been done in using Raman spectroscopy for such transitions in d-complexes. Since ZFS is 

a result of quenched first-order SOC, transitions among ZFS are expected to be vanishingly 

small in Raman spectroscopy.  

A significant finding in our recent work is that a magnetic transition between ZFS states, 

although vanishingly weak in Raman spectroscopy, may couple with Raman-active phonons. 

Thus, the spin-phonon-coupled modes contain both magnetic and phonon features. The phonon 

features in the coupled modes make the modes observable in Raman. In other words, the 

magnetic transition is observed in Raman spectroscopy through the coupling with Raman-active 

phonons. 

Raman spectra are typically collected from a single crystal sample, although powders 

may be used. RaMS has been collected by two instrumental setups at NHMFL.129 The first is to 

use a fiber-optic cable to transmit light both to and from the sample with the lower energy cutoff 

at ∼70-100 cm-1 for the RaMS facility at NHMFL.35 In the second, a direct-optics setup uses a 

collection of calibrated optics on a laser table to guide light both to and from the sample. The 

latter is complex but a more preferable lower energy limit of ~10 cm-1, allowing for the study of 

low-energy transitions not observable with the fiber-optical setup.35  

 

Inelastic neutron scattering (INS) 

Neutron scatterings for coordination chemistry research, including features of different 

neutron instruments, have been discussed recently.143 Dunstan, Mole, and Boskovic have 

reviewed the use of INS to study lanthanide complexes and SMMs.69 Earlier use of INS to probe 

poly-nuclear SMMs was reviewed by McInnes in 2006.70 Four-dimensional (4-D) INS has been 

used to probe spin dynamics in molecular magnets.144, 145 

When an incident neutron beam hits a sample, neutrons are scattered by the sample. 
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The scattered neutrons may retain the energy as the incident neutron, simply changing the 

direction, in a process known as elastic neutron scattering. Some of the scattered neutrons may 

simultaneously transfer energy to the sample when scattering, changing the direction as well as 

energy of the scattered neutrons, in a process known as inelastic neutron scattering (INS, Fig. 

3a).143 

 

 

 

 

Fig. 3. (a) Schematic of the INS process. 𝒌⃑⃑ i = incident neutron momentum; 𝒌⃑⃑ f = outgoing (final)  

neutron momentum; 𝑸⃑⃑  = 𝒌⃑⃑ i - 𝒌⃑⃑ f = vector of momentum transfer; Q = length of 𝑸⃑⃑ . (b) Direct- and 

(c) Indirect-geometry INS spectrometers. The indirect-geometry spectrometer is shown with 

scattering angles of 45° and 135°, forward scattering and backscattering, respectively (blue 

lines). Reproduced with permission from ref. 32. Copyright 2019, Wiley-VCH. 

 

The use of INS to probe magnetic transitions in a sample is rooted in the fact that when 

an incident neutron beam hits a sample, the spins of neutrons and unpaired electrons in the 

sample interact with each other, leading to the excitation of sample from one magnetic energy 

level to another. The energies of these scattered neutrons are thus lowered. The incident 

neutron beam may also lead to excitations of the vibrational levels from inelastic scattering with 

nuclei of atoms in the sample, giving a phonon spectrum. Due to the zero charge, neutrons 

typically penetrate deeply into a sample. 

There are three types of INS instruments:106 direct-geometry TOF (time-of-flight) 

spectrometers, indirect-geometry TOF spectrometers, and triple-axis spectrometers (TAS). TOF 

spectrometers have been widely used in INS relevant to coordination chemistry, especially that 

of complexes, and powders are the most likely form of the samples.32, 53 We will focus on direct- 

and indirect-geometry spectrometers (Fig. 3b-c) which have been used in our research to probe 

magnetic excitations and phonon properties of both d- and f-complexes.  

In a direct-geometry spectrometer, the incident energy Ei is selected/fixed and Ef is 

(b) (c) 
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measured to determine the energy transfer (E = Ei – Ef)146 as well as its Q range. Cold Neutron 

Chopper Spectrometer (CNCS)130 and Disk Chopper Spectrometer (DCS, NIST)147 are 

examples of direct-geometry instruments in the USA. Both CNCS and DCS can be used with a 

magnet. INS, especially the scattering by the direct-geometry spectrometers giving the Q data, 

is unique in that it can distinguish magnetic peaks from phonons, as they have different Q 

features.146, 148, 149 Magnetic peaks decrease in intensity with increased Q, while phonons 

increase in intensity with increased Q.146, 148, 149 Thus, magnetic transitions may be identified by 

their Q properties. For example, the magnetic transition of Fe(TPP)Cl (S = 5/2, TPP2− = 

tetraphenylporphyrinate, Fig. 4a) at 12.65(8) cm−1 (Fig. 4b) shows that its intensity decreases 

with increasing Q. In contrast, intensities of the peaks >16 cm-1 in Fig. 4c increase with 

increased Q, indicating that they are phonons.127 

 

 

Fig. 4. (a) Fe(TPP)Cl and its ZFS splitting (D > 0). (b) INS spectra of Fe(TPP)Cl using a 24.20 

cm-1 incident neutron beam127 at CNCS.130 The small peak at −12.65(8) cm−1 in the 20 K 

spectrum is from neutrons at the excited 3/2 level relaxing back to the ground 1/2 level, giving 

the energy to the incident neutrons. (c) Change in the peak intensities vs Q at 1.5 K. Incident 

neutron energy: 80.66 cm-1. Reproduced with permission from ref. 127. Copyright 2014, 

American Chemical Society. 

 

In an indirect-geometry INS spectrometer (Fig. 3c) at SNS, ORNL, a “white” beam (i.e., 

neutrons with a wide energy range) is used. Thus, the neutron flux is much larger than that in 

the direct-geometry INS spectrometer, making the data collection much shorter. Ei is determined 

by the time the neutron reaches the detector through the time of flight (TOF).106 VISION is an 

example that gives a broad energy transfer range of ~4 to 4000 cm−1 with high energy/spectral 

resolution.150-152 

(b) (c) 
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INS was used to probe di- and poly-nuclear complexes, including SMMs which usually 

have a large spin S but a small ZFS parameter D.153-162 The magnetic separations in these 

complexes tend to be small.70, 153, 161, 162 For example, INS spectrum of [Fe8O2(OH)12(tacn)6]Br8 

(named Fe8; S = 10; tacn = 1,4,7-triazacyclononane) shows that the magnetic transition is about 

3.75 cm−1.153  INS has been used, including together with toque manetometry,79 to study 

magnetic excitations. For SMMs with one magnetic ion, called single-ion magnets (SIMs) with 

typically much larger anisotropy, INS has been used to probe their magnetic properties, 

including the determination of magnetic excited states.71-79 For example, for 1, D > 50 cm−1, 

indicating it has much larger ZFS than those in many poly-nuclear complexes. The challenge for 

us when we started using INS to characterize SIMs in the mid-2010s was how to identify 

magnetic peaks of such high energies in INS spectra. 

It should be pointed out that, while INS is a useful tool for magnetic studies, it typically 

needs more samples (0.5-2 g) than FIRMS and RaMS. Sometimes, deuterated samples are 

required due to the large background in INS spectra from hydrogen atoms.163, 164 In addition, 

neutron instruments are only available at national laboratories such as ORNL and NCNR. 

 

Spin-phonon coupling 

Phonons in far-IR and Raman spectroscopies at 0 T follow different selection rules, 

giving IR-active and Raman-active phonon spectra, respectively. As indicated earlier, crystal 

structure of protio Co(acac)2(H2O)2 belongs to the monoclinic P21/c (No. 14) space group with 

C2h crystallographic symmetry.31, 32 In addition, molecules of Co(acac)2(H2O)2 are at the center 

of inversion i in the C2h group.31 Thus, IR-active and Raman-active phonons in their spectra 

have u- and g-symmetry, respectively. In contrast, inelastic neutron scattering (INS) does not 

have such a symmetry-based selection rule, as it is based on kinetic energy transfer from 

incident neutrons to molecules in the sample. Thus, all phonons are active in INS. In addition, 

quantitative (frequencies and intensities) computation of the neutron vibrational spectrum by 

periodic DFT calculations using VASP (Vienna Ab initio Simulation Package) is feasible.31 The 

calculated INS phonon spectrum can be directly and quantitatively compared to the 

experimental INS spectra.31, 35, 53, 54 The latter show both magnetic and phonon peaks. Thus, a 

comparison between the calculated phonon spectrum and the experimental spectrum helps 

identify the magnetic peak, as this peak is not in the calculated phonon spectrum. 

Spin-phonon coupling is observed in FIRMS and RaMS in the form of an avoided 

crossing. A schematic view of the spin–phonon coupling is given in Fig. 3 of ref. 31, while Fig. 

5a here shows a simpler representation. In essence, spin–phonon coupling occurs when the 
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magnetic excited state φmagnetic and phonon excited state φphonon have the same symmetry. When 

these states are close in energy, they interact to form two new, spin-phonon coupled states, one 

(+) with higher energy and one (−) with lower energy than the energies of φmagnetic and φphonon 

states. The two new states + and − carry both magnetic and phonon features. Such coupling 

is similar to how two atomic orbitals (AOs), or combinations of AOs, interact to form molecular 

orbitals (MOs) – The energy of the bonding MO is lower than the AOs, and the antibonding MO 

is higher than the AOs. 

Zeeman effect leads to the energy shift of the magnetic excited state φmagnetic and thus 

the coupling with the phonon excited state. Fig. 5b illustrates how the spin-phonon coupling of a 

magnetic state, which shifts to higher energy (known as the blue shift), changes with the 

magnetic field. The coupling is the strongest when the energies of the two states are the 

closest. The magnetic excited state gradually gains the phonon features, while the phonon 

excited state receives more magnetic properties. At higher magnetic fields, the magnetic excited 

state eventually becomes phonon, while the phonon excited state becomes magnetic. During 

the coupling and change with the magnetic fields, the two states never cross each other, and 

this process is thus called an avoided crossing. 

 

 

Fig. 5. (a) Schematic view of the spin–phonon coupling. φmagnetic and φphonon represent 

eigenfunctions of the magnetic state and phonon, respectively. + and − are eigenfunctions of 

the two spin-phonon coupled states. (b) Energy change (E) of the spin-phonon coupling with the 

external magnetic field B (B = magnitude of B).  

 

Spin-phonon coupling can be fit using Eq. 2: 

 

𝐻̂ = (
𝐸sp 𝛬
𝛬 𝐸ph

)       (2) 

 

where Esp and Eph = expected energies of the spin/magnetic and phonon excitations, 

respectively; Λ = spin-phonon coupling constant.  
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The matrix is solved to give two eigenvalues E± in the secular Eq. 3. 

 

|
 𝐸sp - 𝐸 𝛬

𝛬 𝐸ph - 𝐸 
| = 0       (3) 

 

Solutions E+ and E- from Eq. 3 are the energies of the two states during the avoided crossing, 

yielding two peaks repelling each other. A model based on the vibronic coupling is given in ref. 

31, providing more characterization of spin-phonon coupling. 

 

Characterization of SMMs 1-2 – Two examples 

The two complexes demonstrate how we have probed magnetic anisotropy and spin-

phonon coupling from different perspectives. Co(acac)2(D2O)2 (1) is an S = 3/2 transition metal 

complex with ZFS (Fig. 2a).31, 32, 165 Er[N(SiMe3)2]3 (2) is a lanthanide complex with multiple 

crystal-field states from the spin-orbit coupled ground state 4I15/2 shown in Fig. 2b.33, 166 

 

Co(acac)2(D2O)2 (1) 

Co(acac)2(D2O)2 (1) illustrates how FIRMS,31 RaMS,31 and INS32 were used to 

characterize magnetic excited states and spin-phonon coupling in the complex. Deuterated 

water ligands in 1 make its phonon properties different from its isotopologues Co(acac)2(H2O)2 

and Co(acac-d7)2(D2O)2.31 To our knowledge, the results of 1 and its isotopologues are the first 

direct observation of spin-phonon couplings in Raman spectra of a molecular compound and 

their quantification.31 

FIRMS and RaMS spectra of 1 and their contour maps are given Fig. 6. The CoII ion in 

the molecule of 1 is at the inversion center i (of the crystallographic C2h point group). The CoII d 

orbitals have g symmetries. Since the ZFS states ϕ1,2 and ϕ3,4 in Fig. 2a are from 3d orbitals in 

the CoII ion, the states have the g symmetry. Since rotations (or magnetic dipoles) (Rx, Ry, Rz) 

have g symmetries, the magnetic-dipole-allowed ZFS transition from ϕ1 to ϕ4 (Fig. 2a), a g → g 

transition, is expected to be observable in FIRMS. Although the transition is not strong in far-IR 

spectra in Fig. 2a as it overlaps with a strong IR-active phonon, the contour plot in Fig. 6b, 

highlighting differences among the far-IR spectra at different magnetic fields, clearly shows that 

the ZFS transition as Trace 1 starts at (2D =) 114 cm−1 at 0 T. The transition from ϕ1 to ϕ4 in Fig. 

2a is magnetic-dipole-allowed due to the mixing of the ZFS states from the rhombic ZFS 

parameter E. Another magnetic transition, Trace 2, is shown in Fig. 6b. From analyses by a 
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vibronic coupling model detailed in ref. 31, Trace 2 is the transition from ϕ1 to ϕ3. The E/D = 0.31 

from EPR was reported earlier for Co(acac-d7)2(H2O)2.165 

 

 

Fig. 6. FIRMS and RaMS spectra and contour maps of 1. (a) Normalized far-IR reflectance 

spectra at different magnetic fields. (b) Contour plot of the far-IR spectra. (c) Raman spectra at 

different magnetic fields. The vertical line indicates Peak A, a phonon, marked in Fig. 6b. (d) 

Contour map from the Raman spectra. Peak B is the magnetic transition. Peaks C, D, and E are 

phonons. Reproduced from ref. 31. 

 

For 1 in crystallographic C2h point group, phonons have either g (Ag/Bg) or u (Au/Bu) 

symmetries. The former are Raman-active and latter IR-active. Since the magnetic transition 

from ϕ1 to ϕ4 (Trace 1) is a g → g transition, it is coupled with Raman-active g phonons in spin-

phonon couplings. Trace 1 is shown as Peak B in Fig. 6d. At 0 T, it is coupled to phonon Peak 

A, pushing A to the left, although B itself at 0 T is too weak to be observed. With increasing 

magnetic fields, B blue-shifts gradually to higher energies. As B moves away, A shifts to the 

right at 14 T, back to its position when there is no coupling with B. 

At about 6 T in Fig. 6c-d, B is close to phonon Peak C, undergoing another spin-phonon 

coupling now with C. The coupling makes the magnetic transition contain partial g-phonon 

features. Thus, both coupled peaks are observed in the Raman spectra. B gradually becomes a 
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phonon over 8 T, while C turns to a magnetic peak moving to the right. C, now magnetic, then 

couples with the strong phonon D, leading to the observation of two coupled peaks at 8-10 T. At 

this stage, the original phonon intensity of D is shared between the two coupled peaks. 

Afterwards, C gradually becomes a phonon, while D turns into a magnetic peak shifting to 

higher energy. Our study showed for the first time distinct couplings of g phonons in 

Co(acac)2(D2O)2 (and its isotopologues) with excited ZFS levels. Using Eqs. 2−3. The spin-

phonon couplings in RaMS could be fit as shown as the dotted lines in 7d, generating the 

coupling constants || = ~1-2 cm−1.31 The absolute values indicate that we do not know whether 

the coupling constants are positive or negative. 

Atanasov and Neese have developed a vibronic coupling model, supported by ab initio 

electronic structure calculations, to rationalize the behavior of the coupled Raman peaks and 

quantify the spin-phonon couplings.31 The results from the model are consistent with those from 

the RaMS experiments.  

INS studies were conducted on partially deuterated 1 using VISION and per-deuterated 

Co(acac-d7)2(D2O)2 using both VISION and DCS (Disk Chopper Spectrometer) at NCNR.32 

Spectra of Co(acac-d7)2(D2O)2 are given in Fig. 7. H atoms give large incoherent scattering, 

contributing to background, and make it more challenging to identify magnetic peaks. It should 

be noted that magnetic peaks have been identified in protio samples, as shown in INS spectra 

of Fe(TPP)Cl in Fig. 4.127 

Variable-temperature (VT) INS spectra of 1 at VISION were processed by Bose-

corrections to identify magnetic peak from those of phonons. Electrons (giving a magnetic peak) 

and phonons are fermions and bosons, respectively. Thus, they show different temperature 

dependences. Bose-correction makes phonon peaks at different temperatures have similar 

profile and baseline intensity. In Fig. 7a, the peak at 114 cm−1 clearly stands out and was 

identified to be magnetic. Variable-field INS spectra of 1 at DCS in Fig. 7b shows that the peak 

at 114 cm−1 is shifted away, when 10 T magnetic field is applied. This feature shows the peak to 

be magnetic.  

We have performed DFT phonon calculations that give calculated INS phonon spectrum 

as well as energies of phonons and their g/u symmetries.31 Comparisons of the calculated INS 

phonon spectrum with the experimental INS spectra help reveal the magnetic peaks in the 

experimental INS spectra,31, 33, 35, 54 as the peaks are not in the calculated phonon spectrum 

(which gives phonons only). The phonon calculations also lead to movies of the phonons to 

visualize the vibrations.31, 35, 53, 54 
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Fig. 7. INS spectra of Co(acac-d7)2(D2O)2. (a) VT INS spectra at VISION. (b) INS spectra by 

DCS at 0 and 10 T. Reproduced with permission from ref. 32. Copyright 2019, Wiley-VCH. 

 

Er[N(SiMe3)2]3 (2)33 

For the lanthanide complex 2, with MJ = 15/2 doublet as the ground state as shown in 

Fig. 2b,166 FIRMS spectra in Fig. 8a at different magnetic fields reveal at least three magnetic 

excitations at 0 T at 104 cm−1, ~180 cm−1, and 245 cm−1 from the transitions from the ground 

state to the first three excited states, MJ = 13/2, 11/2, and 9/2, respectively.33 The transition 

between the ground and first excited states at 104 cm−1 is also observed in variable-field INS in 

Fig. 8b, moving to higher energy with increasing magnetic field. Er[N(SiMe3)2]3 (2) is very air-

sensitive, making its characterization by Raman spectroscopy challenging. RaMS was used to 

study 2, but it did not reveal the magnetic peaks.33 The air-sensitivity or fluorescence of the 

sample in the RaMS study may have played a role. 
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Fig. 8. (a) Bottom: Far-IR transmission spectra of a crystal sample of 2 at 0 T (black) and 17 T 

(red). Top: The far-IR spectra at 1, 5, 9, 13, and 17 T normalized to the zero-field spectrum. (b) 

INS spectra by DCS at 1.7 K at 0 (black), 5 (red), and 10 T (blue), showing the magnetic peak at 

104 cm−1. Reproduced with permission from ref. 33. Copyright 2020, American Chemical 

Society. 

 

Spin-phonon couplings involving the magnetic transitions at 104 cm−1 and 245 cm−1 with 

IR-active phonons were observed in FIRMS spectra in Fig. 9.33 Using Eqs. 2-3 to fit the 

couplings yields the coupling constants || = 3 cm−1. 

DFT phonon calculations give phonon symmetries and calculated INS spectrum to 

compare with the INS spectra from VISION (not shown here).33 
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Fig. 9. Far-IR spectra near magnetic excitations in a powder sample of 2. (a) Spectra near 104 

cm−1. (b) Spectra near 245 cm−1. Top: Transmission (TB) normalized to the zero-field spectrum 

(T0); Bottom: Contour plot of the normalized transmission (by average). White lines represent 

results of the spin-phonon coupling fitting. Pink lines represent the shift of the uncoupled 

magnetic peak used for the coupling parameters Esp. Vertical red lines indicate approximate 

zero field positions of dominant phonon excitations. Reproduced with permission from ref. 33. 

Copyright 2020, American Chemical Society. 

 

Conclusions 

Energies of magnetic transitions in many SMMs are in the range that can be 

characterized by FIRMS, RaMS, and INS. These spectroscopic techniques provide a picture of 

magnetic energy levels in metal complexes and spin-couplings. Such studies are critical to 

comprehend magnetic properties of the SMMs, including their magnetic relaxations. This 

approach, with various complementary spectroscopies, could be utilized in the studies of similar 

d- and f- complexes by probing the magnetic transitions and revealing spin−phonon couplings. 

The experimental results, together with electronic structure calculations, phonon calculation, 

and models of spin-phonon coupling, provide comprehensive understandings of the magnetic 

properties of metal complexes and help design better SMMs. 
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Looking into the future, more use of oriented single crystals of SMMs in FIRMS63 and 

INS experiments is expected to give a better characterization of magnetic and phonon 

properties, including magnetic anisotropy, and spin-phonon coupling. Such experiments are 

more challenging and typically take longer times to conduct. In addition, orientations of the 

single crystals need to be determined by single-crystal X-ray or neutron diffraction. For RaMS, 

theoretical studies are needed to understand the role of Raman spectroscopy plays in magnetic 

transitions of SMMs. In addition, how crystal and molecular symmetries affect spin-phonon 

couplings in SMMs requires more experimental and theoretical studies. Given that ab initio 

methods to predict spin-phonon relaxation have been actively studied, combing the 

experimental/spectroscopic results of spin-phonon coupling studies with the calculated results 

by the ab initio methods63 is expected to give a better understanding of the relaxation 

mechanisms. 
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Table 1. Experimental techniques to probe magnetism of transition metal complexes.a,b Reproduced with permission from ref. 35. 

Copyright 2022, American Chemical Society. 

Technique 
Parameter(s) of 

Interest 
Approx. Energy 

Range (cm-1) Features 

Far-IR magneto-
spectroscopy 
(FIRMS)31, 48, 167 

• D for Kramers ions 

• D, E for non-Kramer 
ions 

Typically 12-720 cm−1 c 

• 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 phononsd (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−1 for the facilities at NHMFL.b,168 

• Single temperature of ~5.5 K for the facilities at NHMFL.168  

Raman 
magneto-
spectroscopy 
(RaMS)31 

|D| 
gx, gy, gz 

10-3000 cm−1 (direct 
optic probe) 
 

70-3000 cm−1 (fiber 
optic probe) based on 
the facilities at 
NHMFL169 

• 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−1 for the facilities at NHMFL.169  

Inelastic neutron 
scattering 
(INS)143, 170 

|D| 10-8000 cm−1 

• 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 MS = 5/2 and 2127 
by an direct-geometry INS spectroscometer143 such as CNCS171 at ORNLb or DCS172 at 
NCNR.b 

• Broad energy range for indirect-geometry spectrometers143 such as VISION173 at ORNL. 

• Distinguishing between magnetic and phonon transitions via temperature-,54 field-,53 
and/or |Q|e-dependences,127 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. 
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• No symmetry-based selection rule for phonons, leading to the observation of all phonon 
peaks.  

• Resolutions varied depending on the energy ranges.171, 173 

• DFT-calculated phonon INS spectra by, e.g., VASP program for comparison with 
experimental INS spectra, helping identify magnetic peaks.54 

• Limited instrumental availability. 

• Large amount of powder samples (typically ≥0.5 g). 

• Samples possibly becoming radioactive, requiring decay times before reuse. 

High-field, high-
frequency EPR 
(HFEPR)38 

D, E, gx, gy, gz Typically <33 cm−1 

• 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.f,174 

• Compatible with Kramers and non-Kramers complexes depending on accessible 
frequencies and fields. 

• Limited energy range: ZFS transitions up to 30 cm-1 in non-Kramers (S = integers) and 15 
cm-1 in Kramers complexes for the user facilities at NHFML 

• Limited instrumental availability. 

• ZFS indirectly determined by multi-parameter fits to the field/frequency dependencies of 
the resonances. 

• Small amount of powder samples (≤100 mg) or single crystals. 

• Powder samples may be reused. 

Conventional 
EPR (X- and Q-
band)175, 176 

D, E, gx, gy, gz 
<0.3 cm−1 (X-band) or 

1.2 cm−1 (Q-band) 

• Widely available instrumentation compared to HFEPR. 

• Limited energy range. 

• Typically incompatible with non-Kramers or easy-axis Kramers ions (i.e., D < 0, E = 0) 
due to frequency and field limitations (such systems are called EPR-silent). 

• Small amount of powder samples (≤100 mg) or single crystals. 

• Powder samples or single crystals which may be reused. 

Magnetometry 
(Magnetic 
susceptibility 
measurement)30

, 177 

DC:g 
D, E, g, C, θ, μeff, Ms, 
Mr, Hc, TC, TN 
 
AC:h 

, Relaxation 
mechanisms including 
the direct, Raman, and 
Orbach processes, Ueff  

 

• Suitable for a variety of compounds with no limits of ZFS 

• 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 
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a D and E = Axial and rhombic anisotropic parameters, respectively; |D| = (D2 + 3E2)1/2; g = Lande factor (or g-factor); gx, gy, gz (also labled gxx, gyy, gzz) = Components 

in the g tensor. 

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

c The instrument is also available in the IR range up to 6000 cm−1. 

d Phonons include vibrations of both molecules and crystal lattice. 

e Q = Vector of momentum transfer in neutron scattering processes.143 

f MS  = 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 MS  = 0, 1.174 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. 

g C = Curie constant, θ = Weiss constant, μeff = Effective moment, Ms = Saturation magnetization, Mr = Remnant magnetization, Hc = Coercive field, TC = Curie 

temperature, TN = Neel temperature. 

h  = Relaxation time, Ueff = Effective energy barrier for spin reversal in the Orbach processes.  
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