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ABSTRACT: High-field, single-crystal EPR spectroscopy
on a tetragonal bisdiselenazolyl ferromagnet has provided
evidence for the presence of easy-axis magnetic anisotropy,
with the crystallographic c¢ axis as the easy axis and the ab
plane as the hard plane. The observation of a zero-field gap
in the resonance frequency is interpreted in terms of an
anisotropy field several orders of magnitude larger than that
observed in light-heteroatom, nonmetallic ferromagnets
and comparable (on a per-site basis) to that observed in
hexagonal close packed cobalt. The results indicate that
large spin—orbit-induced magnetic anisotropies, typically
associated with 3d-orbital-based ferromagnets, can also be
found in heavy p-block radicals, suggesting that there may be
major opportunities for the development of heavy p-block
organic magnetic materials.

he magnetic properties of light heteroatom organic radicals

such as nitroxyls, verdazyls, and thiazyls have been the
subject of extensive research for over 30 years." This work has
revealed a few systems that undergo ferromagnetic ordering, but
their Curie temperatures (T¢) are all below 2 K.> Nonmetal-
based radical ion salts displaying higher ordering temperatures
have also been reported,3 with that of the TDAE - Cy, complex
(Tc = 16 K) being the highest.4 However, for none of these
materials (neutral or char%ed) is the observed coercive field (H,)
more than a few oersteds.” In light of these results, the discovery
of bulk ferromagnetism in heterocyclic bisdiselenazolyl radical 1
(Chart 1),° for which Tc = 17 K and H. = 1370 Oe at 2 K,
represents a significant advance in the development of nonmetal-
based magnetic materials.
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Radical 1 and its isostructural sulfur/selenium-containing
variants 2—4 crystallize in the noncentric tetragonal space group
P42,m (Figure 1).%” The structure consists of pinwheel-like
clusters of radicals arranged about 4 centers, with each of the four
radicals within the pinwheel providing the basis for a slipped
7r-stacked array running parallel to the ¢ axis. Previous studies
have established that the presence of the heavier chalcogen is
crucial for achieving a high magnetic ordering temperature. For
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Figure 1. Crystal packing of 1 viewed (a) parallel and (b) perpendicular
to the s-stacking direction. Radicals 2, 3, and 4 are isostructural to 1.

example, T for the all-selenium radical 1 is greater than that for
the mixed S/Se variant 2 (13 K). The other mixed S/Se system 3
also undergoes ordering, although it is a spin-canted antiferro-
magnet with a Néel temperature (Ty) of 14 K. There is no
evidence for magnetic ordering down to 2 K in the purely sulfur-
based material 4. The increase in ordering temperature with
selenium incorporation can be understood in terms of enhance-
ment of the isotropic through-space magnetic exchange interac-
tions occasioned by the presence of more diffuse magnetic
orbitals (i.e., 4p for selenium vs 3p for sulfur).® What remains
to be explained is the source of the magnetic anisotropy that gives
rise to the large coercive field in 1. In contrast to S > b , metal-
based systems, where anisotropy is often a property of individual
ions, Kramer’s theorem forbids zero-field anisotropy for single
S ="'/, radicals. Thus, in the case of 1, the anisotropy must arise
from interactions between the radicals.

To explore this issue we used ferromagnetic resonance (FMR)
absorption to provide an independent measure of the solid-state
magnetic anisotropy in 1.” The theory of resonance absorption of
microwaves by magnetically ordered phases is well established,"
and the technique has been applied to the study of many
materials," including radicals."* The basis of its utility is that
the resonance conditions are highly sensitive to the angular
variation of the free energy associated with magnetic spins.

In tetragonal crystals, the lowest-order anisotropic contribu-
tion is uniaxial, and the free energy density F associated with the
bulk ferromagnetic magnetization M may be written as

F = —M-Hq — K cos® Oy — O(cos* Oy)

— O(cos 4¢y sin* Oy) (1)
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where H,,, is the external field, K is the second-order anisotropy
constant, and 0y and ¢y are the polar and azimuthal angles
defining the direction of M with respect to the crystallographic ¢
axis.” For an anisotropy field Hy = 2K/M > 0, there is a
preference for magnetization along the crystallographic ¢ axis
(easy-axis anisotropy), whereas H, < 0 denotes a preference for
orientation in the ab plane (easy-plane anisotropy). Experimen-
tally, the coercive field H, is typically found to be between 10%
and 40% of Ha."> When only the second-order term is included,
in the high-field limit (|Hey| > H,) for a fixed microwave
frequency f, the external resonance field should vary as

1
|He| z%—EHAB cos’ 6 — 1) (2)

where 0 gives the orientation of the external field with respect to
the crystallographic ¢ axis. The higher-order free energy terms,
which are associated with the anisotropy in the ab plane,
introduce higher cos* 6 and sin* 6 terms in this high-field limit.
Measurements of the resonance field as a function of the crystal
orientation performed at high field (Figure 2a) were consistent
with eq 2, indicating negligible higher-order components and
therefore negligible anisotropy in the ab plane. Given H, > 0, we
have identified 1 as a uniaxial easy-axis ferromagnet whose easy
axis lies along the crystallographic ¢ axis.

To confirm this result, the FMR response was compared to
exact expressions for the resonance condition that can easily be
deduced for the parallel (eq 3) and perpendicular (eq 4)
orientations of the external field. For H,, parallel to the ¢ axis

(0 = 0))
f = )/(Hext +HA) (3)

while for H, perpendicular to the ¢ axis (6 = /,),

V(HAZ - Hextz)l/2 Hext HA

f= (4)

¥[Het(Hext — Ha)"?  He = Ha

IA

%

The observed multi-high-frequency response for 1 (shown in
Figure 2b for T = 10 K) conformed to the anticipated results. The
variations in the magnitude of Hy, as extracted from fits of eqs 3
and 4 to data collected at three different frequencies (50.4, 66.9,
and 240 GHz) and several temperatures, indicated that the
anisotropy field grew with decreasing temperature to a maximum
of 8.2 kOe at 5 K (Figure 2c). The observed anisotropy field was
several orders of magnitude larger than that observed for light
atom organlc ferromagnets such as TDAE - C¢ (H. A= =0.058 kOe
at 5 K') and B-p-NPNN (H, = 0.12 kOe at 0.4 K'7). Indeed, i
magnetic saturation is assumed, the data for 1 provide an aniso-
tropy constant (K) of 2.4 x 1075 eV/molecule at 5 K, which is
comparable to the value of 5 X 10~ eV/atom measured for bulk
hexagonal close packed cobalt at 4.2 K.'® From this we conclude
that the magnitude of the anisotropy observed here for a 4p-
based radical ferromagnet is similar on a per-site basis to the
anisotropy observed for noncubic 3d transition metal ferromagnets.

In homogeneous magnetic materials, the anisotropy field Hy
may be viewed in terms of contributions arlslng from (i) molec-
ular spin dipole—dipole interactions (HAF), (ii) macroscopic
demagnetizing fields (HAem) (for nonspherical crystals), and
(iiii) spin—orbit effects (H3") (eq 5):

Hy = HyP + H{™ + Hy (s)
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Figure 2. (a) Observed high-field angular dependence of the resonance
field for 1 at T = 15 K (open circles). The data is fitted with a cos” 6
curve, in accord with eq 2 (solid line). (b) Observed resonance field
versus frequency for 1 at T = 10 K (open circles). The solid lines
represent fits of eqs 3 and 4. (c) Anisotropy field of 1 as a function of
temperature. The curve displays an apparent inflection point near the
ferromagnetic transition temperature Tc = 17 K.

Of these, the first term depends on the microscopic distribu-
tion of spins in the lattice and, in the case of 1, should favor
alignment of M along the c axis (i.e., the axis of highest linear
spin density). Although the magnitude of this effect can be
estimated numerically by using Ewald summation techniques,'” it
should by inspection be on the same order of magnitude as the
total anisotropy field Hy measured for spherical samples of
p-p-NPNN, for which the demagnetizing and spin—orbit
effects are negligible. On this basis, it is reasonable to conclude
that HYP in 1 is ~0.1 kOe. The second dipolar effect, the
shape-dependent demagnetizing field HY™, which is often
substantial in transition-metal materials, is also small as a
result of the low density of spins in 1 (and any organic
magnet). Indeed, approximating the needlelike crystals of 1
as cylinders of infinite length suggests that Hiem = UoM/2,
which affords a contribution of only 0.1 kOe assuming mag-
netic saturation. It is therefore our interpretation that
the dipole contribution Hy? -+ H3*™ is not sufficient to explain
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Figure 3. (left) The three types of electronic transitions induced by
H,AC. (right) Near-orthogonal overlap of radical SOMOs along the 77
stacks: (top) top view; (bottom) side view.

the magnetic anisotropy in 1, contrary to what is found for
light-element organic magnets.”® This leaves spin—orbit
effects H_ as the only plausible cause for the large anisotropy
observed.

Magnetic anisotropy arises from spin—orbit effects due to
coupling between the spin (S) and orbital (L) angular momen-
tum degrees of freedom, which may be represented phenomen-
ologically by the Hamiltonian Hso = AL- S, the stren%th of which
grows sharply with atomic number (roughly as Z*).*" At a single
site, this coupling mixes states through virtual electronic transi-
tions between the singly occupied, doubly occupied, and virtual
molecular orbitals (SOMOs, DMOs, and VMOs), as illustrated
in Figure 3. The resulting mixed states are eigenstates of the total
angular momentum J = L 4- S and are characterized by anisotropic
molecular g tensors, as observed for diselenazolyl radicals.”* To
first-order in spin—orbit coupling, the electronic state of the
magnetic electron on each radical is a perturbation of the SOMO,
|900),” as shown in eq 6:

()11, § 1%
ey = |wé°>>+zznj4<’/’" SL 4';/’" Yy (o)

In the solid state, magnetic interactions that result from virtual
hopping of electrons between these mixed states are also
anisotropic. Moriya™* used a perturbative approach to show that
the resulting spin Hamiltonian H ij takes the form shown in eq 7,

where the order of the terms can be approximated by eq 8:

- 4to0” to0|Coo| | Cool g
i, ~ (20— 0 0 8
/ ( Q U ) + ( v )7 U (8)

The first term in eq 7 represents the Heisenberg exchange
interaction, which is represented in eq 8 by ferromagnetic (Q)
and antiferromagnetic (4t0o>/U) components, where Q is the
direct exchange integral, ty is the transfer (resonance) integral
between SOMOs on adjacent radicals, and U is the Hubbard
onsite  Coulomb repulsion.”> The second term, which
is first-order with respect to the spin—orbit correction 4, in-
volves the vector D;; representing the celebrated antisymmetric
Dzyaloshinsky—Moriya (DM) interaction, which has been sug-
gested to be responsible for the noncollinear spin arrangements

of centrosymmetric heavy atom organic antiferromagnets.*® The
third term, which is second-order in A, involves the I tensor and
gives rise to the pseudo-dipolar anisotropic exchange (AE)
interaction. Both DM and AE effects may determine the direc-
tion of easy magnetization, with the former preferring S; and S; to
lie in the plane normal to the D;; vector and the latter preferring S;
and §; to lie along the largest principal axis (axes) of the I;; tensor.
The magnitudes of both D;; and I;; can be estimated in terms of
too, U, and the magnitude of Moriya’s spin—orbit-mediated
transfer parameter |Coo|”” (eq 8).

While the AE term including I'; is often neglected,28 it cannot
be omitted in the present context because the magnitude of D; is
decreased as a result of the near-orthogonal overlap of adjacent
SOMOs (Figure 3b), which leads to a small value of . Indeed,
bulk ferromagnetic ordering in 1 is realized only because the
slipped 7t-stacked packing of radicals leads to a small value of oo,
which has been estimated from tight-binding band calculations to
be no more than 0.01 eV.%® In contrast, the transfer integrals t,,
between the SOMO and other orbitals |1,) (doubly occupied
and virtual) on adjacent radicals are not so constrained; we
estimate these to be much larger than £y (on the order of 0.1 eV).
If we then assume that the molecular spin—orbit coupling
constant A can be represented in terms of the atomic value
for selenium (0.1 €V),”” the value of |Cyo| can be estimated as
~0.01 eV; setting the on-site Coulomb repulsion U as ~0.8 eV
(from electrochemical measurements®®), we then arrive at values
near 10 * eV for both |Dy| and |I;|. Finally, using J;; ~ 103 eV
(derived from density functional theory calculations®®) affords
an order-of-magnitude estimate of the overall anisotropy con-
stant K in terms of the respective DM and AE contributions K™
and K*F:*!

K = KPM + KA®

D, [*

Ji
The order of magnitude of K given by eq 9 is consistent with the
experimentally obtained value of 2.4 x 10> eV, providing
qualitative support for our interpretation of the large anisotropy
in terms of a spin—orbit effect. Essentially, the incorporation of
the heavy atom selenium leads to a significant increase in
spin—orbit coupling and a consequent enhancement of both
the DM and AE contributions to the overall anisotropy. If, for
example, the value of A for selenium (0.1 eV) is replaced by that
of sulfur (0.02 €V),” the resulting K°™ and K** values are both
smaller by a factor of 25. It is therefore easy to understand
qualitatively why the magnetic anisotropy and hence the coercive
field of 1 is enhanced relative to that of the mixed S/Se radical 2
(H. = 250 Oe at 2 K) and so much greater than that found in
light-element ferromagnets.’

In conclusion, we have explored the magnetic properties of the
bisdiselenazolyl radical 1 using ferromagnetic resonance absorp-
tion methods. The results not only confirm the onset of long-
range ferromagnetic order below Tc but are consistent with the
exceptionally large coercive field H, displayed by this nonmetal-
based ferromagnet. Preliminary analysis of the symmetry of the
DM and AE interactions indicates that both spin—orbit effects
should produce an easy c-axis geometry, also consistent with the
observations. Taken as a set, materials 1—3 offer a unique
opportunity to study the competition between DM and AE
interactions of similar magnitude. We expect that more detailed

~
~

+ T ~ 107 eV 4107 eV 9)
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theoretical analysis as well as ongoing experimental studies of
compounds 2 and 3 will further illuminate these points.

In a broader context, the present results suggest that large
magnetic anisotropies and coercive fields should be considered as
natural properties of heavy atom radical ferromagnets, in accord
with the early prescription for ferromagnetism provided by
Heisenberg.>>” The work also demonstrates that rich spin—orbit
physics should not be considered unique to metal-based systems.
In view of the technological and theoretical relevance of such
physics in spintronics applications,® these conclusions serve to
encourage continued exploration of heavy p-block radicals and
the magnetic materials that can be constructed from them.
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