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ABSTRACT: The metal-metal-bonded molecule [Bu,N]- R rre— 0k
[(ML),Fes(dmf),] (Fes) was previously shown to possess a s0 o o Mn S )
thermally isolated spin S = '°/, ground state and found to exhibit _asp ° o Fe 2 mw
slow magnetization relaxation below a blocking temperature of ~5 2 ,/[ o e e

K [J. Am. Chem. Soc. 2015, 137, 13949—13956]. Here, we present ¥ o Sim A
a comprehensive spectroscopic investigation of this unique single- § =r ° s ¥ 1
molecule magnet (SMM), combining ultrawideband field-swept [ o Nk
high-field electron paramagnetic resonance (EPR) with frequency- Sost % I A
domain Fourier-transform terahertz EPR to accurately quantify the 20| ° ok
spin Hamiltonian parameters of Fes. Of particular importance is 15 ) . ? © o000 ° o P
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the near absence of a 4th-order axial zero-field splitting term, Temperature (K) pplied field (T)

which is known to arise because of quantum mechanical mixing of
spin states on account of the relatively weak spin—spin
(superexchange) interactions in traditional polynuclear SMMs such as the celebrated Mn,-acetate. The combined high-resolution
measurements on both powder samples and an oriented single crystal provide a quantitative measure of the isolated nature of the
spin ground state in the Fes molecule, as well as additional microscopic insights into factors that govern the quantum tunneling of its
magnetization. This work suggests strategies for improving the performance of polynuclear SMMs featuring direct metal—metal
bonds and strong ferromagnetic spin—spin (exchange) interactions.

B INTRODUCTION potential aéplplications for these fascinating molecules have been
proposed,”’” the most obvious being as molecular-scale
memory storage units for classical computing,

SMMs containing multiple magnetic ions are often
successfully described according to the giant spin approx-
imation, which considers only the anisotropy within the
ground state spin multiplet.'”"? Achieving both a large spin
and the desired strong magnetic anisotropy in the same
molecule represents a formidable synthetic challenge.'*"
Crucially, for all of the above-mentioned applications, the
ground spin multiplet should be well isolated from excited
states. However, in most polymetallic cases, the magnetic ions
are coupled via superexchange interactions which, because of
their indirect nature, are inherently weak.'¢ Hence, the
resulting separation between spin multiplets is often
comparable to the ZFS within the ground multiplet,'’ ™"

In the field of molecular nanomagnetism, much effort has
focused on achieving ground states with giant magnetic
moments (either nominally pure spin, S, or coupled spin—
orbital, J),'* as these are advantageous for many potential
applications. For example, a high degeneracy is important for
magnetic refrigeration based on the magnetocaloric effect.” A
large-spin ground state with minimal zero-field splitting (ZFS)
satisfies this requirement. Meanwhile, the large Hilbert space
spanned by the 28 + 1 projection (Mj) states associated with a
giant spin can potentially be harnessed for quantum
information processing (QIP), wherein a single molecule can
encode multiple qubits.”” Referred to as a “qudit’—the
generalization to d levels of a two-level system—such a
molecule can encode information equivalent to n = log,d
qubits, where d = (28 + 1).%% Proposals also exist that leverage
these additional computational resources for creating molec-
ular qubits/qudits with embedded error correction.”” Single-
molecule magnets (SMMs) are perhaps the most widely
studied subgroup of molecular nanomagnets.'” They display
slow relaxation, or blocking of their magnetization that is of a
purely molecular origin, i.e., they can retain their magnetization
below a characteristic blocking temperature, Ty.'' Several

Received: December 8, 2020
Published: March 8, 2021

© 2021 American Chemical Society https://dx.doi.org/10.1021/acs.inorgchem.0c03595

W ACS PUbl ications 4610 Inorg. Chem. 2021, 60, 46104622


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joscha+Nehrkorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+M.+Greer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+J.+Malbrecht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+J.+Anderton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Azar+Aliabadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Krzystek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Schnegg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Schnegg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karsten+Holldack"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carmen+Herrmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Theodore+A.+Betley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Stoll"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c03595&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03595?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03595?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03595?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03595?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03595?fig=abs1&ref=pdf
https://pubs.acs.org/toc/inocaj/60/7?ref=pdf
https://pubs.acs.org/toc/inocaj/60/7?ref=pdf
https://pubs.acs.org/toc/inocaj/60/7?ref=pdf
https://pubs.acs.org/toc/inocaj/60/7?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03595?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

—
Q
~

tEREt B E hE [

Antibonding

Bonding

Figure 1. (a) Qualitative energy level diagram representing the sinxgle—valence (d-)
3

2T (em® K/mol)

45

EN
o

w
o

w
o

N
()]

20

pubs.acs.org/IC
°
o
o
° © Mn,,BuAc
o o Fe,
° Sim
o
o
o
o
O 0 oo 0 0O
. A . | . .
50 100 150 200 250 300

Temperature (K)

orbital manifold of states associated with the six metal—metal

bonded Fe atoms in the Fe, molecule (energy in arbitrary units).”” These states populate according to Hund’s rules, accounting for the S = %/,
giant-spin ground state. (b) Ball-and-stick model of the core of the Fey molecule; only the Fe ions (orange) and their first coordination shell,
including N (light blue) and O (red) atoms, are shown. (c) Comparison of DC yy T (ox u’5 where pi.g is the effective molecular magnetic moment)
versus T results for Fe;, and Mn,'BuAc (from ref 45), both measured at 0.1 T; a simulation of the Fe4 result employing the ZFS parameters
deduced from this study (see Table 1) is given by the solid line. As can be seen, the effective giant magnetic moment of the Fes molecule persists to
room temperature, whereas that of the Mn,, molecule drops precipitously starting at ~10 K. By 100 K, the spins associated with the Mn,, molecule
are mostly uncoupled while those of the Fes molecule remain strongly coupled even at room temperature.

which can result in considerable quantum mechanical mixing
between ground and excited spin states.' " This mixing is
detrimental to both classical information storage and QIP, as it
promotes unwanted channels that mediate quantum tunneling
of magnetization (QTM)**** and quantum information
leakage (loss of fidelity).”

To overcome the aforementioned limitations, two new
approaches to the development of SMMs with increased
blocking temperatures are currently under intense investiga-
tion. The first involves the study of individual ions with
orbitally degenerate ground states such that their spin and
orbital moments are strongly coupled; these include transition
metals in certain high-symmetry coordination environ-
ments’®~*® and heavier lanthanides.””*" This approach has
seen an increase in the record blocking temperature from just 4
K for Mn,-acetate’’ to ~80 K for dysprosocenium,’”' a
relatively simple mononuclear Dy" sandwich compound.
Stabilizing the required giant magnetic anisotropy in a single
ion is synthetically challenging, usually resulting in highly
reactive complexes. There is also a fundamental limit to the
anisotropy that can be achieved in such mononuclear species,
set either by the electrostatic crystal-field interaction between
the 4f electron density and the associated ligand set in the case
of the lanthanides,”” or the spin—orbit coupling energy scale in
the case of lighter transition metals.””*® Meanwhile, it is
particularly hard to shut down spin—lattice interactions in
monometallic systems. Consequently, efficient magnetization
relaxation pathways are inevitable at elevated temperatures,
and these ultimately limit Tp.>**** It is, therefore, advanta-
geous to consider a second approach involving the exploration
of novel mechanisms for achieving strong ferromagnetic spin—
spin (exchange) interactions between multiple anisotropic
metal centers. This is challenging for lanthanides because of
the contracted nature of their 4f orbitals, although some
successes have been achieved in dinuclear systems with spin-
bearing (radical) linkers, e.g,, N3~ radical-bridged dilanthanide
complexes,® as well as the endohedral metallofullerenes Ln,@
Cgo(Ch,Ph)* and Ln,@C,N (Ln = Dy, Tb).>>* Unfortu-
nately, one again finds that there is a fundamental limitation in
such situations that is set by the maximum achievable exchange
interaction strength.” Consequently, one inevitably comes back
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to exploring innovative solutions to the problem of achieving
strong magnetic exchange within multinuclear SMMs. Of
particular interest in this regard is the possibility of linking spin
centers via direct metal-metal bonds,”’ ~*° the main topic of
this article.

In metal—metal bonded systems, one can no longer describe
the magnetism in terms of the assembly of discrete ions with
well-defined (trapped) valence states and associated magnetic
moments. Instead, one must consider a single molecular orbital
manifold, occupied by the sum total of the valence electrons
involved in bonding (see Figure la).*® Achieving a giant-spin
ground state in such systems still represents a formidable
challenge. Strong metal—metal bonds give rise to molecular-
orbital splittings that typically exceed the spin-pairing energy,
resulting in low-spin configurations (S = 0 or '/,).** Therefore,
an intermediate regime is desirable, involving relatively weak
metal—metal bonds, such that the orbital energies favor single
(Hund’s rule) occupancy.”®"' However, the metal—metal
interactions should nevertheless be sufficiently strong to
ensure sufficient isolation of the ground state from excited
orbital/spin states.

Recently, the compound [Bu,N][("L),Fes(solv),] was
synthesized, where solv = dmf (IN,N-dimethylformamide) or
py (pyridine), and "LH; = MeC(CH,NHPh-o-NH,);;*"**
only the dmf version (hereon Fe, see Figure 1b) was studied
in the present work. The Fes molecule is characterized by
relatively short Fe---Fe distances (dp._p, &~ 2.65 A) associated
with the desired metal-metal bonding. Magnetic measure-
ments indicate a ground state spin of S = '/, with no
measurable population of excited spin states up to at least
room temperature (Figure lc).38 Furthermore, slow magnet-
ization relaxation is observed below 5 K. Thus, Fey represents
one of the first truly molecular examples of a metal—metal-
bonded superparamagnet'® (a SMM). However, a thorough
spectroscopic investigation of this molecule has so far been
lacking.

We report here a comprehensive study of the Fes molecule
using a variety of state-of-the-art high-frequency magnetic
resonance techniques. At the same time, we make detailed
comparisons with the original polynuclear SMM, Mn,,,***
which is similar in many respects to Feg except for the nature
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of the exchange interactions coupling the spins, giving rise to
giant-spin ground states. For example, the magnetic moments
associated with these states differ only in a single unpaired
electron, i.e., ~19uy (S = */,) versus ~20u; (S = 10) for Fe,
and neutral Mn,,, respectively. Meanwhile, both molecules
possess very similar axial magnetic anisotropy energy scales, as
quantified by their so-called electron paramagnetic resonance
(EPR) magnetization relaxation barriers, Ugpg, which measure
the theoretical energy difference between the lowest and
highest-lying Mg states on the basis of a purely axial ZFS
parameterization, i.e., ignoring axial symmetry breaking: Ugpg
=45.6 cm™! (~IDIS?, with D = —0.507(2) cm™, vide infra) for
Feg and ~47 cm™' [D = —0.463(4) cm™’, plus a significant
4th-order contribution] for Mn,,.** The one obvious differ-
ence, however, is the isolated nature of the spin ground state
for Fes compared to Mn,,. This is illustrated in Figure Ic,
which compares the temperature dependences of the effective
moments (proportional to the molar magnetic susceptibility-
temperature product, yyT). While Feg maintains yyT &~ SO
cm*K-mol ™" expected for a S = '?/, ground state (with g ~ 2)
all the way to room temperature,”” the value for Mn,, drops
precipitously from a maximum close to that expected for S =
10 (55 crp3-K-mol_1) at T = 10 K, to below 20 cm®K-mol™ at
100 K,* indicating partially uncoupled spins, i.e., the
population of low-lying spin states. In the absence of a
microscopic electronic description of the Fes molecule, we turn
to spectroscopic measurements to provide further insights into
the isolated nature of its S = '/, ground state. The reported
measurements support the findings of the magnetic data
(Figure 1c), whilst also adding weight to previous theoretical
work noting the connection between spin state mixing and a
breakdown of the giant-spin approximation.*’~**

B METHODS

Frequency-domain Fourier-transform (FD-FT) terahertz (THz) EPR
experiments were performed using the THz beamline of the BESSY II
synchrotron at the Helmholtz-Zentrum Berlin.**"** Coherent
synchrotron radiation emitted in the low-a operation mode* is first
passed through a Fourier-transform infrared spectrometer (Bruker IFS
125 HR) with a frequency resolution set to 6 GHz (the maximum
resolution is 190 MHz). Elliptical mirrors then focus the THz beam
onto the sample, which was placed in the variable-temperature insert
of an optical superconducting magnet (Oxford Spectromag 4000, with
a maximum field of +10 T in normal operation and +11 T under
pumped liquid helium conditions). The transmitted signal is detected
by a Si bolometer cooled to 1.6 K and, finally, the absorbance is
evaluated according to the procedure described in the Supporting
Information (Figure S1). The polycrystalline samples used for the
FD-FT experiments were each mixed with ~100 mg of polyethylene
and pressed into pellets. The properties of the three samples were
found to be essentially identical and, because of the limited access to
the spectrometer, only one was studied in detail.

Field-swept high-field EPR (HFEPR) experiments were performed
at multiple fixed frequencies on microcrystalline powder samples at
the electron magnetic resonance facility of the US National High
Magnetic Field Laboratory (NHMFL) in Tallahassee, Florida."* For
these purposes, a home-built transmission-type spectrometer was
used.”” Microwave (MW) radiation was generated via a phase-locked
source (Virginia Diodes Inc.) with a tunable base frequency of 13 + 1
GHz. After passing through a variable-frequency multiplier chain
(resulting in adjustable frequencies between ~S0 and 620 GHz), the
radiation propagates through cylindrical light pipes to the sample,
placed at the field center of a 15/17 T superconducting magnet
(Oxford Instruments Ltd, UK). The transmitted signal is then
detected by a fast InSb bolometer (QMC Instruments, UK), which
permits the use of field modulation (at up to S0 kHz) and lock-in

S
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detection at the first harmonic. Consequently, the powder HFEPR
spectra are recorded as a derivative, dI/dB, where I is the transmitted
MW intensity, then plotted versus the applied magnetic field, B,.
Carefully ground powder samples of Fes (~50 mg) were loaded into
polyethylene sample cups. In total, three samples were prepared and
investigated separately. All three were found to give essentially
identical results and, therefore, only one of them will be discussed
here. The sample temperature was varied between ~8 K and room
temperature using a continuous-flow cryostat (Oxford Instruments
Ltd, UK).

Angle-dependent HFEPR measurements were also performed on a
single crystal using a cavity perturbation technique. For these
purposes, a millimeter-wave vector network analyzer (AB Millimetre,
France) was employed as both a MW source and phase-sensitive
detector.”"* Spectra were recorded at the fixed frequency of 263.7
GHz in a 9—5 T superconducting vector magnet (Cryogenics Ltd,
UK, with 9 T vertical and § T horizontal fields)”* with a variable-flow
He gas cryostat used to stabilize the sample temperature at 1.8 K. A
single crystal was mounted on the base plate of a vertical overmoded
cylindrical resonator. The orientation of the static applied magnetic
field, By, is described by polar and azimuthal angles 6 and ¢,
respectively: 6 was varied relative to the vertical cylindrical axis of the
resonator in 10° increments using the 9 and 5 T coils of the vector
magnet (maximum vector field is 4.5 T); meanwhile, ¢ was varied in
10° increments by physically rotating the resonator about the vertical
axis. As such, these coordinates are referenced to fixed axes associated
with the resonator and bear no direct relation to the crystallographic
axes; attempts to relate the two were ultimately unsuccessful due to
the low symmetry space group (C2/c) and irregular crystal shape.

Kohn—Sham density functional theory (DFT) calculations were
carried out with Turbomole 6.5°* employing the B3LYP exchange—
correlation functional®>*® in combination with Ahlrichs’ def2-TZVP
basis set,”’ as single-point calculations on the X-ray crystallographic
molecular structure (with the positively charged counterion not
considered). The convergence criterion for the total energy in the self-
consistent field algorithm was set to 1077 hartree. The spin density
was plotted with UCSF Chimera 1.14.%°

For this investigation, crystals of [Bu,N][(*'L),Fes(dmf),] were
synthesized according to the procedure described in ref 38. All sample
manipulations were carried out under argon or nitrogen atmospheres.
When outside of a glovebox, samples were kept at liquid-nitrogen
temperatures and rapidly loaded cold into the various spectrometers.
Simulations of magnetic and spectroscopic data were based on the
spin Hamiltonian formalism (see eq 1 below) and were performed
using EasySpin (version 5.2).>"7¢'

B HIGH-FREQUENCY EPR STUDIES OF Feg

The magnetic and spectroscopic properties of a well-isolated,
giant-spin ground state can be described using the following
spin Hamiltonian'***

A2

H= D[Sz — 1s(s + 1)] +EGS -8

S,)

k
n )
+ 2 2 BIO+ uBygS
k=46.. g=—k

(1)

The first two terms describe the axial and rhombic 2nd-order
ZFS interactions, parameterized by D and E, respectively (S;
are spin component operators, with i = x, y, z); the coordinate
system is molecule-fixed and chosen such that 0 < |E/DI <'/,,
with the z-axis defined along the dominant anisotropy
direction. The third term acknowledges the fact that it is
sometimes necessary to include 4th- and higher-order ZFS
terms to obtain a satisfactory description of spectroscopic data,
particularly as the giant-spin approximation begins to break
down because of the existence of low-lying excited spin
multiplets;">>* Of represent conventional extended Stevens
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operators (ESOs — polynomials in S) of rank k, with g
specifying the rotatlonal symmetry, parameterized by the
associated B{ coefficients.”> Of particular relevance in this work
is the 4th-order axial term (k = 4, g = 0) with operator

=355%-(30s-25)52+(3s%-6s5) (2)

where s = S(S + 1). The last term in eq 1 describes the Zeeman
interaction with the external magnetic field, B, where g
denotes the g-tensor, assumed to be diagonal, sy denotes the
Bohr magneton, and § the total spin operator. The sign of D
determines the nature of the anisotropy, either easy-plane (D >
0) or easy-axis (D < 0)."° The latter results in an energy barrier
separating the two Mj states with maximal spin projection (Mg
= +§). This barrier is the primary contributor to the slow
magnetization relaxation in polynuclear SMMs.*** The
accurate spectroscopic determination of this barrier requires
radiation with energy comparable to that of the separation
between the lowest-lying (i.e., thermally populated) M; states.
For most SMMs (D < 0), this gap is of order (25 — 1)IDI, or
18IDI for Fe4, and can range from a few GHz to several THz.
Therefore, broadband approaches such as multifrequency
HFEPR and FD-FT THz EPR are required to directly
determine the ZFS parameters in eq 1.'>%

Powder Measurements. FD-FT THz EPR. In frequency-
domain EPR, the MW frequency is swept while the magnetic
field remains fixed. The advantage of this technique is that it
allows for the direct observation of zero-field transition
frequencies/energies in the absence of an applied magnetic
field. This approach has proven successful for the determi-
nation of ZFS in both coordination compounds and metal-
loproteins.**** The FD-FT THz EPR absorbance spectra of an
Feg powder are shown together with simulations in Figure 2. In
zero applied field and at the base temperature of the variable-
temperature insert (5 K), a single symmetric absorption feature

Transition freq. x\ly V4
for B, ||
2
o
Q
Y
°
Q
a1
Q
<
Exp.:
Sim.; ——
0 T N—
150 200 250 300 350 400

Frequency (GHz)

Figure 2. FD-FT THz EPR absorbance spectra recorded at 5 K for a
pressed polyethylene/Feg powder pellet, offset according to the field
at which they were measured and proportionally rescaled to arbitrary
units on the ordinate. Black lines represent the experimental spectra
and the red lines are simulations performed with the optimum ZFS
parameterization (vide infra). The labeled gray lines depict transition
frequencies as a function of the magnetic field, B, applied parallel to
the x-, y-, and z-axes defined by the ZFS tensor.
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(resonance) is clearly observed above the noise at 264 GHz.
Simulations of the field-dependent spectra employing the spin
Hamiltonian parameters obtained from the combined FD-FT
THz EPR and field-swept HFEPR studies (vide infra)
reproduce the trends seen in the data: the spectral weight
associated with the 264 GHz resonance spreads out upon
application of the field because of the anisotropic nature of the
ZFS tensor; this reduces the overall intensity of the resonance,
making it hard to discern above the noise for fields greater than
2 T. Nevertheless, the strong zero-field peak can clearly be
assigned as a magnetic—dipole transition on the basis of its
field dependence. Variable-temperature measurements (Figure
S1, Supporting Information) indicate that the signal intensity
associated with this peak decreases with increasing temper-
ature. Therefore, on the basis of the anticipated negative D
parameter, we assign this resonance to the transition between
the Mg = +'°/, and +'7/, ground and first excited Kramers
doublets (corresponding to z, in Figures 3—5). One can then
make an initial estimate of D ~ (—264 GHz)/18 =~ —0.49
cm™,

Field-Swept HFEPR. Experimental spectra obtained for a
powder Feq sample, recorded at ~8 K and various frequencies

Exp.. —— Sim.. —— Z,
609.6 GHz
)
@
%) 422.4 GHz
=
(@)
= 412.8 GH
= . V4
2
12}
= 321.6 GHz
S N
g |?
S J\/\,— 304.8 GHz
S —
Q" o
9 2112GHz
S SN
-—Yy
159.6 GHz -—X——

| " 1 L | L | L | L |

4 6 8 10
Applied field (T)

Figure 3. Multifrequency HFEPR spectra for a powder sample of Feg.
All measurements were made at a temperature of ~8 K and at the
indicated frequencies. Spectra are offset and rescaled for clarity. Black
lines are the experimental data, while red lines correspond to
simulations assuming a giant-spin S = 19/, state with the parameters
given in Table 1. Several of the resonances have been labeled, as
discussed in the main text; x, y, and z denote regions of the spectra
associated with crystallites that have the magnetic field aligned with
the corresponding axes of the ZFS tensor.
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Figure 4. (a) Zeeman energy level diagram for Fe4 as a function of magnetic field applied parallel to the z-axis of the ZFS tensor, assuming the
parameters given in Table 1; the lowest lying levels are labeled according to the associated (approximate) spin projection, M. The first four easy-
axis (Byl|z) transitions labeled z, to z, are indicated by the vertical red bars corresponding to a frequency of 304.8 GHz. (b) Experimental peak
positions corresponding to resonances z; to z, deduced from the HFEPR measurements in Figure 3 (red circles) and the lone 264 GHz data point
at zero field (blue circle) deduced from the FD-FT THz EPR spectra (Figure 2). Solid lines are simulations based on the parameters given in Table
1. (c) Plot of 304.8 GHz resonance position (referenced to the left axis) versus the spin projection, Mg, associated with the state from which the
transition was excited for both Feg (in red) and Mnj,BrAc (in gray); the Fe, data points were deduced from measurements at multiple
temperatures (Figure S), while the points for Mn,, were generated at the same frequency using the ZFS parameters reported in ref 44. A clear
curvature is seen for Mny,, while a curvature of opposite sign is only observable for Fe4 after subtracting a linear regression, resulting in the

deviation from linearity, AB, (in blue), referenced to the right axis.
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Figure 5. HFEPR spectra of Fes, measured at 304.8 GHz and at the
temperatures indicated on the right. Thick lines (color indicates
temperature, from blue for low toward red for high) are the
experimental spectra. Simulations according to eq 1 employing the
parameters in Table 1 are shown as gray lines below each
experimental spectrum. Several of the easy-axis resonances are labeled
above the 25 K spectrum.

in the range from 160 to 610 GHz, are shown in Figure 3.
Superimposed below each spectrum is a simulation generated
using the optimum ZFS parameterization (vide infra).
Resonance positions deduced from turning points in the
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powder EPR spectra for crystallites with Byllz are plotted versus
frequency in Figure 4b. The strongest of these (the peak
labeled z; in Figure 3) lies on a straight line with a zero-field
intercept at 264 GHz, in perfect agreement with the zero-field
gap determined from the FD-FT THz EPR measurements.
Careful inspection of the HFEPR spectra recorded above ~200
GHz reveals a series of peaks that decrease in intensity as the
field strength increases (labeled z,—z, in Figures 3—5). The
decreasing intensity pattern coupled with the linear response to
magnetic field [with average slope corresponding to g, =
2.05(1)] confirms that this series of transitions arises from a
system with D < O and the z-axis of the anisotropy tensor
parallel to the external magnetic field.

In the simplest parametrization scheme, ie. one that
considers only 2nd-order axial ZFS (the first term in eq 1),
the zero-field transition energy of z; (Mg = =/, > ='7/,) is
given by 18IDI. The next transition energy (z,: Mg = ="/, >
—13/,) is then reduced by 2IDI relative to z,, i.e., 16IDI. This
pattern continues for the subsequent Kramers pairs, resulting
in an exactly linear relationship between transition energy,
5¢(Ms), and the spin projection, My, associated with the state
from which the transition was excited (Mg = —'%/, for z,, etc.).
This simple relationship arises because the first term in eq 1
gives rise to eigenvalues that are quadratic in M, i.e., (M) o
DM, whereas EPR measures energy differences, Se(M;) o
2DMg; hence, the slope associated with a plot of §, versus M is
constant, §’¢/6M§ = 2D. In a fixed-frequency field-swept
experiment, a higher resonance field corresponds to a smaller
transition energy (Figure 4a) and, because the Zeeman
interaction is linear in the field for Byllz, a plot of resonance
field versus M; should also be exactly linear, i.e., the D-only
parameterization should lead to equal spacing between the
Byllz resonances. On the basis of the four lines corresponding
to resonances z; to z, at 8 K in Figure 4b, it is hard to visually
discern any deviation from such an equal spacing. We,
therefore, performed variable-temperature measurements
(Figure S) at a frequency of 304.8 GHz in order to thermally
populate higher-lying Mg levels and, therefore, evaluate the
positions of more Byllz resonances. The average positions of
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eight such transitions, deduced from spectra recorded at
multiple temperatures, are plotted versus Mg in Figure 4c.
Visual inspection again seems to indicate that the red data
points lie on a perfectly straight line (equal spacing),
suggesting a D-only parameterization. This important obser-
vation is in stark contrast to well-known superexchange-
coupled SMMs such as Mn,,, where the spacing between Bllz
resonances varies significantly with M;, an effect that requires
introduction of a significant 4th-order axial ZFS interaction. In
fact, the positions of the first eight 304.8 GHz resonances for
Mn,,BrAc fall in essentially the same magnetic-field range,6i 66
and are included in Figure 4c for comparison (gray squares),
where a very significant curvature can be seen when compared
to the Feq data.

Subtraction of a linear regression from the Fey data does in
fact reveal a weak nonlinear behavior (blue data points plotted
in Figure 4c as the deviation from linearity, AB,, against the
scale on the right-hand axis) that is not discernible visually,
although it clearly exceeds the error bars on the data. The
curvature is of opposite sign to Mn,,,** and its amplitude over
the eight resonances is about an order of magnitude weaker
than seen for Mny,. A fit to a cubic polynomial is superimposed
on the AB, data, enabling estimation of the S} coefficient (=
35B]) in eq 1 upon adding the axial 4th-order term given in eq
2; note that any S2 dependence has been removed entirely via
subtraction of the linear regression, leaving behind only a cubic
dependence of d¢ on M; (it is cubic in response to the st
operator in the same way that the 2nd-order dependence is
linear in response to S, as discussed above) From this
analysis, one can obtain an initial estimate of B} ~ +2.8 X 107
cm™L. As discussed below, the possible existence of a rhombic
anisotropy (E term in eq 1) for Fe; complicates this analysis
somewhat, as it also contributes to a very weak nonlinearity of
the Byllz resonance positions plotted in Figure 4c, though the
effect is almost an order of magnitude weaker. Nevertheless,
this means that there is an interdependence between E and B
in the fit to the data in Figure 4c. Hence, the optimum value of
BY =+2.3(3) X 107 cm™! for Feg was deduced from combined
simulations of the entire powder EPR data set (vide infra). For
comparison, an order of magnitude larger value of B =
—2.5(3) X 1075 cm™! has been reported for Mn,,BrAc,*+¢>0°
providing the first quantitative spectroscopic evidence for the
isolation of the S = '/, ground state in Fe4 relative to well-
known superexchange-coupled SMMs, as the sizeable B ZFS
parameter found for Mn), is known to result from spin-state
mixing between the ground term and nearby excited
multiplets.””®” We comment on this in the following section.

Although an excellent reproduction of the resonance
positions corresponding to the low-energy Byllz transitions in
Figures 3 and 4 is possible based on a purely axial ZFS
parameterization (E 0), the regions of the spectra
corresponding to crystallites with Bllx and Bylly, particularly
those recorded at lower MW frequencies (e.g., 159 GHz in
Figure 3), are not well reproduced. This suggests a deviation
from axial anisotropy and, therefore, a rhombic E term must be
included in the spin Hamiltonian, resulting in the Bllx
transitions shifting to higher fields while those with Bylly shift
to lower fields, with the separation between Byllx and Bylly
resonances providing a measure of the magnitude of E. Because
the transverse Zeeman interaction term yB(ngxS +gB S )
does not commute with the dominant axial ZFS term, DS;, the
Zeeman splitting for this field orientation is greatly reduced
relative to Byllz. Consequently, a significant number of states
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are thermally populated, even at the lowest temperature (8 K)
used in our measurements, resulting in many more observed
transitions for both Byllx and Bylly. We find that there is
significant overlap between the spectral components associated
with these two orientations (see Figure 3). Therefore,
procedures such as those employed above in estimating the
axial ZFS parameters are infeasible, not only because of the
difficulty of deconvoluting the Bgllx and Bylly spectral features,
but also because it is not possible to obtain simple analytic
expressions for the resonance positions; these are governed by
off-diagonal terms in the 20 X 20 spin Hamiltonian matrix for
Bollx and Bylly, for the 0 to 14 T field range, i.e,, the true high-
field limit (gugB, > DS) has not yet been reached. Therefore,
simulation of the powder spectra involving matrix diagonaliza-
tion is necessary. Through simulation of the combined
frequency- and temperature-dependent dataset (Figures 3
and 5), we arrive at the self-consistent parameters given in
Table 1. This model successfully reproduces both the S = %/,
powder HFEPR and FD-FT THz EPR experiments as well as
the magnetization data (Figure 1).

Table 1. Low-Temperature (<50 K) Spin Hamiltonian
Parameters Deduced for Fe; from Simulation of the
Combined Powder HFEPR Dataset (see eq 1)

parameter value
D* —0.507(5) cm™!
IEI* 0.090(2) cm™*
|E/DI 0.180(4)
Ap? 0.022 cm™!
AP 45X 107 em™!
BY +2.3(3) x 107°
& 2.04(1)
% 2.06(1)
& 2.05(1)

“Uncertainties refer to the mean values of the associated distributions.
*Values correspond to the full widths at half maximum of the
distributions (= 2.350, where 6 is the standard deviation).

In order to reproduce not only the resonance positions, but
also the overall variation in linewidth across the entire HFEPR
dataset, it is necessary to include strains (distributions) in the
2nd-order ZFS parameters (gaussian distributions in both D
and E with full widths at half maximum Ap and Ay
respectively, see Table 1) in addition to an intrinsic peak-to-
peak linewidth, A, = 125 mT characteristic of the sharpest
features in the low-temperature spectra (see Figure S). Such
strains, which are well documented in other polynuclear SMMs
such as Mn,,®® 7* arise because of molecule-to-molecule
structural variations that modulate the ZFS interactions. They
account for the broader resonances at the extremes of the
spectra, particularly those for Byllz that are shifted furthest
from the isotropic g & 2.0S position (~10.6 T in Figure S),
e.g., z, is considerably broader than z;. The simulations were
optimized so as to match the intensities of the Byllz resonances,
resulting in Byllx and Bylly features that are slightly stronger
than those observed experimentally. This suggests a slight
ordering of the powder sample favoring the Bollz microcrystals.
This effect is well known for highly anisotropic SMMs and was
not corrected for in the final simulations as it does not affect
the reported parameters.

A remaining curiosity is the persistence of the pronounced
inflection in the otherwise flat dI/dB, signal seen at the highest
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temperatures at 10.6 T in Figure S. Simulations based on the
low-temperature parameterization given in Table 1 indicate
that it should still be possible to observe a multiline spectrum
up to the highest temperatures (assuming the same
spectrometer sensitivity), suggesting increased relaxation and
dynamics at elevated temperatures, which broaden and wash
out the spectrum. Therefore, larger strains were employed in
the simulations at temperatures above 50 K, along with a slight
increase in the peak-to-peak linewidth: @150 K, Ap = 0.03
em™, Ap = 0.02 em™, A, =250 mT; @ 250 K, A, = 0.13
cm™, A; = 0.07 cm™, and A,, = 300 mT. Maintaining a
relatively small value of Ay, has the effect of preserving the
inflection at the isotropic position (10.6 T in Figure S), as
transitions occurring in this range are insensitive, to first order,
to strain. It is also possible that an onset of thermal population
of excited spin states accounts for the stronger inflection
observed experimentally at 250 K. However, without a
multielectron description, there is no way to construct a
meaningful model that would capture the population of excited
spin states. Assuming the A, = 300 mT linewidth is due to
increased relaxation, it corresponds to a lifetime of ~20 ps,
which is not unexpected for an anisotropic giant spin with
associated spin—lattice coupling; even the most isotropic
molecular spins are known to possess sub-us spin—lattice
relaxation times at room temperature,”” and the corresponding
intrawell (not to be confused with overbarrier) relaxation times
for anisotropic spins are typically much shorter. Meanwhile,
the variation in strain may be attributed to increased disorder
at elevated temperatures.

B ANGLE-DEPENDENT SINGLE-CRYSTAL
MEASUREMENTS

To further investigate the Fes compound, a series of angle-
dependent EPR studies were performed on a single crystal.
Unlike the powder HFEPR measurements presented above,
the spectra were recorded in transmission mode, hence,
resonances are observed as dips in the transmitted intensity, I.
The data were collected at low temperature of 1.8 K in order to
ensure population of only the lowest spin sublevels, i.e., Mg =
+'%/, at low field, thereby simplifying the analysis. Angle-
dependent spectra obtained at a MW frequency of 263.7 GHz
for one plane of rotation (¢ = 10°) are displayed along with
simulations in Figure 6. The first thing to note is that all
resonances are observed significantly above zero field. This
finding is at odds with the results of the powder measurements,
where the ground state transition (z,) intersects the ordinate at
exactly 264 GHz (Figure 4b), and suggests different ZFS
parameters for the single crystal employed in these measure-
ments. A detailed characterization of this sample was not
feasible because of the limited field range afforded by the
vector magnet. However, simulations of the full angle-
dependent dataset yield a value for the 2nd-order axial ZFS
parameter D = —0.45(1) cm™" (vide infra). This reduction of
D by more than 10% compared to the powder sample is not
currently understood. The single-crystal measurements were
performed subsequent to the powder studies on a newly
synthesized batch of samples. One possibility could be the
existence of different polymorphs that result from minor
variations in crystallization conditions,”* such that powder and
crystal measurements were performed on slightly different
structures. Alternatively, it may hint at subtle structural
transformations brought about by the grinding of the powder
samples.

180 F—\—
170 "~ —
160 "~

A120—-——\/.
3110
® 100

(@)

- 80

S DENT 4
3OW
20 N —
10 N —

0_‘\r

' : ' : D'atal—S'im :
0 1 2 3 4
B, (T)

0

Figure 6. Angle-dependent single-crystal EPR spectra at 10° intervals
in the polar angle, 6, from 0 to 180° for the azimuthal ¢ = 10° plane
of rotation. Experimental spectra recorded at 263.7 GHz and 1.8 K for
both up and down magnetic field sweeps are shown in black; the noise
seen in the 1.5 to 4 T range at some of the lower angles is because of a
minor mechanical instability in the EPR probe. Simulations are also
shown in red above each experimental spectrum, generated assuming
the following parameters appropriate to the single crystal: D =
—045(1) em™, g, = 2.05, and Ay = 0.015 cm™'. The MW
transmission spectra have been proportionally normalized to arbitrary
units and offset according to the value of € on the ordinate in order to
aid viewing; resonances are observed as dips in transmission.

T

The next thing to note from the low temperature spectra in
Figure 6 is the fact that two resonances are observed at most
angles, suggesting the presence of two molecular species in the
sample. In fact, in the C2/c space group,” one does expect
spectroscopically distinct sites in the unit cell: four structurally
equivalent sites, with pairs related by inversion, resulting in two
unique orientations. As such, one may expect superimposed
single-crystal EPR spectra for these two molecular orientations,
with identical ZFS parameters, albeit differently aligned
tensors. For field orientations close to the easy-axis of either
species, one expects a relationship between the MW frequency,
f, and the resonance position, By; (i = 1,2), of the form f~ § +
¥Bricos(y;), where & = 18IDI/h = 243 GHz, y = gug/h = 28.7
GHz/T is the gyromagnetic ratio (assuming the same value for
g as the powder sample), and y; is the angle between the
applied field and the local easy-axis associated with a given
species. This expression is approximate in the sense that it
considers only the diagonal elements of the spin Hamiltonian
matrix of eq. 1, ie, terms containing S, and S2, while also
ignoring the 4th-order term (eq 2). For relatively small angles,
inversion of the above expression gives By; &~ (f — §)/ycos(y;),
while transformation to the laboratory coordinate frame simply
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Figure 7. (a) Plot of the 263.7 GHz ground state resonance positions versus polar angle, 8, deduced from the experimental spectra in Figure 6 for
the ¢ = 10° plane of rotation. The red and black colors distinguish resonances attributed to the two differently oriented molecular sites within the
unit cell. The solid curves are fits to the data for the two sites according to the phenomenological equation given in the main text. (b,c) Two-
dimensional false color plots of the resonance positions as a function of 8 and ¢ for sites 1 and 2, respectively; the data were generated according to
the procedure described in the main text. The white crosses denote the orientations of the magnetic easy (z) axes for each site.

involves replacing cos(y;) by cos(¢p — ¢;) cos(0 — 0;), where 6,
and ¢; define the local z axes (in this case, easy axes) of the two
molecular orientations. Hence, By, is minimum when cos(y;) =
1, i.e., when the applied field is aligned with either of the two z
axes. Locating these directions then boils down to repeating
the measurements in Figure 6 for multiple planes of rotation
and plotting the observed resonance positions (transmission
minima) as a function of @ and ¢ over at least a hemisphere;
results for ¢ = 10° are displayed in Figure 7a. In order to
reduce scatter in the data, resonance positions for each plane of
rotation were fit to the phenomenological expression By; ~
Alcos(6 — 6,)]7", where A lumps together the constants, (f —
8)/y, and the unknown cos(¢p — ¢,;), while the exponent n
(generally in the range from 0.6 to 1.0, depending on the range
in @ over which resonances are observed) accounts for
deviations from the purely axial expression at larger ;. The fits
were then used to generate independent two-dimensional false-
color plots of By; versus € and ¢ for the two species, as
displayed in Figure 7b,c.

Determination of the global minima from the color plots in
Figure 7b,c provides the orientations of the z axes associated
with the two sites in the crystal structure (white crosses): 8, =
37(2)°, ¢, = 5(2)°% 6, = 90(2)°, ¢, = 49(2)°. Unfortunately,
the irregular shape of the crystal made it impossible to
definitively relate these orientations to either the crystallo-
graphic or local molecular frames. However, the experimental
angular separation of the two local z directions (minor arc of
the great circle intersecting these points on the unit sphere),
Ay = 64(3)°, can be compared with the crystal structure by
measuring the angle, Ay™, between the differently oriented
sites from the vectors formed by the two oxygen atoms in each
molecule (see Figure 1). Following this procedure, the tilt
angle between the two Fes molecules is found to be Ay ™™ =
61°, in good agreement with the experimentally determined
value (to within the estimated uncertainty). Armed with the
orientations of the ZFS tensors, it is possible to go back and
simulate the angle-dependent EPR transmission curves in
Figure 6, with only D and Ap, as adjustable parameters (taking
the value of g, from the powder measurements and ignoring
E). As noted above, an optimum value of D = —0.45(1) cm™
is obtained via this procedure. Meanwhile, the D-strain
captures the angle-dependence of the linewidth very well,
giving a value that is ~30% smaller (Ap = 0.015 cm™") than
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found for powders, where identical values (Ap = 0.022 cm™")
were obtained for both the FD-FT THz EPR and field-swept
HFEPR measurements, suggesting a more ordered structure in
the crystal, as would be expected. We note that other widely
used EPR spectral broadening mechanisms cannot reproduce
the angular variation of the linewidth with just a single
parameter.

B DISCUSSION

Aside from a detailed evaluation of its spin Hamiltonian
parameters, the key finding from the previous section concerns
the weak 4th-order axial ZFS term for Fes. In the following
discussion, we consider the parameterization given in Table 1
that was deduced from the detailed powder HFEPR measure-
ments. To begin with, it is worth noting that a seemingly
miniscule B} parameter can nevertheless have a pronounced
effect on the HFEPR spectra of giant-spin systems, as is the
case for Mn;,, where 32 ~—25% 10" cm™! compares to D ~
—0.46 cm™.* The 4th-order axial ESO® is given in eq 2,
where the sizeable S? prefactor and the fact that the expression
is quartic (with elements o« M¢ and S*MZ) means that it can
have an outsized influence for giant-spin systems. The leading
term, 35S?, which emerges because of mixing of low-lying
excited spin states into the ground-state multiplet, makes a very
considerable (almost 9 cm™ or ~19%) contribution to the
overall anisotropy energy scale, Ugpy, for Mn,,** compared to
just ~0.8 cm™ (~1.8%) for Fey. It also results in a spacing
between the first two Byllz resonances of almost 2 T for Mn,,
(Figure 4c), nearly twice that expected on the basis of a D-only
parameterization (1.1 T), and twice the spacing found for Fe,.
However, this shrinks to <1 T (less even than the spacing for
Fes) for the smallest M; transitions, which are more-or-less
insensitive to the quartic term of the O} operator. Only the S}
interaction within 4th-order ZFS terms can reproduce the
highly nonlinear Mg dependence of the Byllz resonance
positions seen for Mn,, (Figure 4c), which is barely discernible
for Fes. At the same time, only a spectroscopic technique is
capable of disentangling these higher-order ZFS interaction
terms from the usually dominant 2nd-order terms.”*’ By
contrast, thermodynamic measurements such as DC magnet-
ization or AC susceptibility (excluding QTM spectroscopy)’”
cannot disentangle these effects. As we discuss further below,
the 4th-order terms contain important microscopic informa-
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tion and are responsible for the QTM observed in the high-
symmetry Mn;, SMMs,'>2072%73

From the preceding discussion (and Figure 4c), one gains a
clear appreciation for the dramatic impact of the 4th-order ZFS
terms in Mn;, in comparison to Fes. The difference between
the two compounds is no surprise when one recognizes that
the emergence of effective 4th-order terms is a direct
manifestation of microscopic interactions that are not captured
in the giant-spin approximation.'””’ Considering the hypo-
thetical situation of a polynuclear molecule in which the
ground-state spin quantum number is exact (i.e, no mixing
with excited states that are infinitely far away in energy), one
finds that the giant-spin ZFS parameters have an exact
correspondence with those associated with the constituent
magnetic ions.””’” Such a procedure cannot account for the
sizeable 4th-order ZFS terms found experimentally for Mn,,
SMMs.** Indeed, related studies of polynuclear systems
comprised of s = 1 Ni' ions (lowercase s is employed here
to differentiate the single-ion properties from those of the
coupled system) demonstrate that 4th-order ZFS terms are
strictly forbidden on the basis of a simple projection of the
single-ion terms onto an exact spin ground state associated
with the coupled molecule.”” This is because the limited 3 X 3
Hilbert space associated with an s = 1 object precludes the ZFS
terms, O}, of rank k > 2. Nevertheless, sizeable 4th-order
molecular ZFS terms are found for polynuclear clusters such as
Ni,, where the individual Ni! ions are weakly coupled via
superexchange.”® Their emergence can be traced to inter-
actions between spin multiplets, i.e., spin state mixing, which
perturbs the otherwise pure 2nd-order energy landscape.”
Spectroscopic characterization of such landscapes then
manifest as effective 4th- and higher-order ZFS terms within
the giant-spin approximation.

Microscopic models that consider the internal degrees of
freedom within polynuclear SMMs demonstrate that the
higher-order ZFS terms are related directly to the intrinsic
2nd-order single-ion terms, but that their magnitudes are
controlled by the degree of spin state mixing, set by the
intramolecular exchange interaction strength, J.2%** This, in
turn, determines the proximity in energy of excited spin
multiplets relative to the ground state. Perturbative analysis
shows that the 4th-order terms scale as A5y, where Agq is the
energy separation between the states S and S’ that are mixed.”*
These energy separations scale with the exchange coupling
strength, J, such that B} o J7'; it can also be shown that B
J7%"° The same physics holds for Mn,,*” and, even though we
do not currently have a microscopic description for Fey, one
may conjecture that the same idea applies here as well, i.e,, the
magnitudes of 4th-order ZFS terms should scale with Agg.
One, therefore, concludes that the order-of-magnitude differ-
ence between the B} parameters deduced for Mn,, and Fe4
implies a similar order-of-magnitude difference in the isolation
of their ground states. The first excited S = 9 state associated
with the Mn,,BrAc molecule has been well characterized and
determined to be Ay ~ 28 cm™! (40 K) above the S = 10
ground state,'® ie., the two multiplets overlap significantly.
One may then infer that the lowest-lying excited spin states
associated with the Fe, molecule should be located several
hundred wavenumbers (corresponding to several hundred
kelvins) above the S = '/, ground state. In other words, the
ground state is really well isolated in comparison to Mn,.

The preceding assertion about the isolated nature of the S =
9/, ground state of the Fey molecule is borne out by
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experiment. No evidence is seen in the present EPR studies for
the thermal population of anisotropic excited states, ie., no
transitions are seen away from the g = 2.0S region that cannot
be explained on the basis of an effective S Y/,
parameterization; by contrast, such transitions are seen at
temperatures as low as 15 K for Mn,,BrAc."® The only minor
deviation from the S = '°/, model is the appearance of
additional intensity at the isotropic g = 2.05 position at
elevated temperatures. However, one cannot rule out the
possibility that further improvements of the strain modeling
could capture this behavior without thermal population of
excited states. The susceptibility measurements presented in
Figure 1 also support the thermal isolation of the Fe4 ground
state.”® Although an oversimplification, one can invent a
fictitious model based on formal oxidation states, consisting of
five Fe' (s = 3/,) and a lone Fe" (s = 2), so that one obtains a
total spin of S = '/, when the constituent spins couple
ferromagnetically. If one then considers a weak coupling limit
so that the Fe'/Fe'' spins behave independently at room
temperature, one would expect a paramagnetic yyT value of
12.4 cm®-K-mol™". This is far below the measured value of 52.6
cm>K-mol™ at 300 K (Figure 1).** In other words, the
magnetic measurements are fully consistent with a well
isolated, robust S = '°/, ground state (expected yyT =~ Sl
cm®K-mol™!, assuming g = 2.05) resulting from the strong
ferromagnetic spin—spin interactions within the Fe® core.
Meanwhile, DFT suggests a delocalized electronic structure
having four Fe atoms with 3.5 unpaired electrons each, and
two Fe atoms with slightly less than 2 unpaired electrons each,
consistent with a mixed-valence situation, and an extra
unpaired electron delocalized mostly on the nitrogens (see
Figure 8 and Supporting Information). Spectroscopic
techniques that allow momentum transfer or spin density

Figure 8. Unpaired spin density from a DFT calculation on the X-ray
crystallographic structure of Fey (with the positively charged
counterion not considered). Positive (majority) spin density is
shaded in red, negative (minority) spin density (only visible at the
center of the Fey octahedron) is shaded in green. Fe atoms shown as
orange balls, while C, N, O, and H atoms are shown as brown, blue,
red, and white edges/ends, respectively. B3LYP/def2-TZVP isosur-
face value: 0.008 A3,
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mapping, e.g., neutron scattering,"* can provide further insights
into these issues.

Returning to magnetization dynamics, the relaxation barrier
determined from AC susceptibility measurements for Mn,, is
in good agreement with the value determined from HFEPR. In
fact, for reasons discussed in refs 44, 79, it is common for AC
measurements to overestimate this barrier. By contrast, the
effective barrier to magnetization relaxation determined for Feg
from AC measurements, U,z = 33.5 cm™.,*® is significantly
lower than the value inferred from the present HFEPR
investigation: Ugpy = 45.7 cm™' based on a purely axial
parameterization, or 51.7 cm™" if the rhombic anisotropy is
included. The reason for this reduction in U, relative to Ugpg
is because of QTM relaxation, which short-circuits the
theoretical maximum (classical) barrier.*’ Although Feq
possesses a half-integer spin ground state, meaning that zero-
field mixing of degenerate pairs of levels on opposite sides of
the barrier is impossible (due to Kramers’ theorem), the 6th
and 7th doublets, lying, respectively, 34.0 and 37.4 cm™" above
the lowest Mg = +'°/, ground doublet, split quite rapidly with
respect to a transverse field applied in the (hard-) xy plane
(tens of MHz in a field of 0.1 mT). Therefore, transverse
internal dipolar fields together with the sizeable rhombic ZFS
interaction (IE/DI = 0.18) likely promote QTM via these
levels, thereby explaining the reduction in the effective barrier.

It is interesting to note that the Fe(N;,0, molecular core
(Figure 1) possesses approximate four-fold rotational symme-
try. The rhombic ZFS term would be strictly zero for exact
four-fold symmetry, meaning that only 4th- and higher-order
interactions (i.e, Of terms with k > 4 and g = +4) could
mediate QTM, as is found for the high-symmetry Mn,,
variants.”> Even then, the isolated nature of the ground spin
multiplet would ensure that such higher-order interactions are
far weaker in the Fes molecule, thus greatly reducing the QTM
rate. Crucially, the many-body nature of polymetallic SMMs
provides additional protection against QTM relaxation and
analogous thermally assisted processes that are known to limit
the performance of mononuclear SMMs. Therefore, the
possibility of realizing high-symmetry forms of Fey and related
metal—metal bonded systems offers exciting prospects in terms
of improvements in the performance of polynuclear SMMs,
perhaps rivaling or even surpassing the best mononuclear
lanthanide SMMs provided the molecular anisotropy can be
increased significantly, which remains the primary challenge in
cluster-based SMMs. Clearly, an improved fundamental
understanding of magnetic anisotropy in metal—metal bonded
systems is urgently needed, and a number of such studies are in
progress.“o’41

B SUMMARY AND CONCLUSIONS

The spin Hamiltonian parameters of an Fe; SMM featuring
direct metal—metal bonds that give rise to strong ferromag-
netic spin—spin interactions and a well-isolated S = '/, giant-
spin ground state have been determined precisely via
combined FD-FT THz EPR and field-swept HFEPR measure-
ments on both a powder sample and an oriented crystal. The
results are contrasted with the well-known and extensively
studied S = 10 Mn;, molecule that features weak intra-
molecular superexchange interactions and low-lying excited
spin states that are detrimental to its SMM properties. In
particular, the axial B parameter that is a direct consequence
of spin-state mixing is an order of magnitude weaker in the Feq
molecule, suggesting that the ground state of the molecule is
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thermally isolated from excited spin states by several hundred
wavenumbers. A sizeable 2nd-order rhombic ZFS term is
found for the studied Fes molecule, accounting for its relatively
low blocking temperature and reduced effective barrier to
magnetization relaxation, which is attributed to thermally
assisted QTM within the ground S = '?/, manifold. In spite of
this, the outlook for improving the performance of related
metal-metal bonded SMMs is promising, assuming high
cluster symmetries can be achieved, which would negate the
2nd-order rhombic ZFS term. Meanwhile, the isolated nature
of the spin ground states of such molecules will naturally
suppress higher-order interactions capable of mediating QTM.

The high resolution of this combined experimental approach
provides excellent constraints on a wide range of spectroscopic
parameters, including strains (distributions) in the ZFS
parameters that are inferred from variations in EPR linewidths.
These, in turn, provide important microscopic details that
cannot be inferred from more standard magnetic character-
ization techniques such as DC and AC susceptometry,
including sample preparation-dependent variations in ZFS
parameters. Meanwhile, angle-dependent single-crystal HFEPR
measurements allow for correlations between magnetic tensors
and the underlying crystal structure. Although metal—metal
bonded systems have been studied for decades,®’ they have
only recently been considered as potential SMMs.***?%>%
The present investigation provides a clear demonstration of the
potential of combined wideband EPR methodologies for
studies of metal-metal bonded paramagnetic systems,
particularly with a view to gaining fundamental microscopic
insights that can aid design of future polynuclear SMMs with
improved properties.
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