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The [Co(SQ),(4-CN-py),] complex exhibits dynamical effects over a
wide range of temperature. The orbital moment, determined by
X-ray magnetic circular dichroism (XMCD) with decreasing applied
magnetic field, indicates a nonzero critical field for net alignment of
magnetic moments, an effect not seen with the spin moment of
[Co(SQ),(4-CN-py),l.

Finite temperatures can have a profound influence on the on/
off ratio for a molecular memory device, with deleterious
consequences.' For spintronic device applications, it is impor-
tant to understand the finite temperature effects on the mag-
netic moments as the devices will have more practical value if
there is reliable operation at room temperature and above.

The majority of molecular magnetic systems are character-
ized by localized magnetic moments that are randomly
oriented at zero applied magnetic field, due to weak exchange
coupling between molecules. Under an applied magnetic field,
the moments orient with fidelity that depends on the field
strength. Although the molecular magnetic moments align
along the field, the net magnetization typically decreases with
increasing temperature, and the molar magnetic susceptibility
scales inversely proportional with the temperature because the
thermal excitations of magnons cause spins to misalign with
the magnetic field.”
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Finite temperature effects obviously occur for molecules
where there is a spin state change with temperature. For such
spin crossover (SCO) molecules, the magnetic susceptibility
deviates from the simple 1/T dependence owing to the conver-
sion from the low spin (LS) to the high spin (HS) state, at which
point the susceptibility increases with a degree of abruptness,
depending on the cooperativity of SCO.>® At temperatures
exceeding the spin state transition temperature, the net mea-
sured ‘“collective’” magnetic moment in the HS state continues
to decrease with temperature.®® So there are other finite
temperature effects beyond the change in spin state, but for
SCO molecules and indeed other local moment molecular
magnets, this has not been investigated in detail, with just a
few exceptions.”

Spin crossover (SCO) molecules, including those with valence
tautomeric transition, have been studied using X-ray absorption
spectroscopy (XAS)®® at the transition metal Ls-edge to characterize
the spin state occupancy™”'*™® by probing the unoccupied states
through the electric dipole-allowed excitation of 2p core electrons
into the partially filled spin-split 3d orbitals. If the molecule is
photoactive, as is the case with many SCO complexes,”"*">>' XAS
can perturb the spin state by exciting the molecule from the ground
LS state via intersystem crossing to the metastable HS state, which
can be trapped at sufficiently low temperatures. This X-ray fluence
induced transition to the high spin state is analogous to such LS-to-
HS conversions as lightinduced excited spin state trapping
(LIESST),""**2¢ soft X-ray-induced excited spin state trapping
(SOXIESST)'"*”?® and hard X-ray-induced excited spin state trap-
ping (HAXIESST).”® If XAS reliably places the molecule in the high
spin state, then X-ray magnetic circular dichroism (XMCD) can be
used to probe the temperature dependence of relative spin and
orbital moment contributions to the local moment. There are, in
fact, a few XMCD studies on SCO molecular films. Bernien et al.*
performed XMCD to confirm the SOXIESST process for the SCO
complex [Fe"(bpz),phen] (bpz = dihydrobis(pyrazolyl-1-yl)borate,
phen = 1,10-phenanthroline). XMCD has also been employed to
establish the influence of the substrate on the spin state occupancy
of SCO thin films of [Fe"(phen),(NCS),].** Apart from a recent study
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Fig. 1 (a) Schematic diagram of [Co(SQ)(Cat)(4-CN-py),] in LS state and [Co(SQ),(4-CN-py),]l in HS state. The arrow indicates the direction of

temperature- or radiation-induced ligand-to-metal electron transfer that converts the LS-Col(i) center into the HS-Co(i) center. (b) Magnetic

susceptibility of [Co(SQ)(Cat)(4-CN-py),]/[Co(SQ),(4-CN-py),] powder prio

on the SCO complex [Fe(bpz),(bipy)] (bipy = 2,2'-bipyridine),” there
have been no studies reported to observe the relative spin and
orbital moment contributions to the local magnetic moment.

In this study, we report the temperature- and field-
dependent XMCD of a cobalt complex that exhibits a valence
tautomeric transition®*>***3? from the LS [Co™(SQ)(Cat)(4-CN-
py)] to the HS [Co"(SQ),(4-CN-py),], where Cat = 3,5-di-tert-
butylcatecholate, SQ 3,5-di-tert-butylsemiquinonate, and
4-CN-py = 4-cyanopyridine. With the spin transition at the
metal center, an electron from the diamagnetic catecholate
(Cat®) ligand is transferred to the LS-Co(u) center which yields
a HS-Co(n) ion and a radical semiquinonate (SQ~) ligand.>***
This valence tautomeric transition is schematically shown in
Fig. 1a. The LIESST state induced by photo-conversion from the
LS [Co™(sQ)(Cat)(4-X-py).] to HS [Co"(SQ)x(4-X-py),] is long
lived below 50 K and, while observed up to 90 K,**** is
increasingly short lived for X = CN,**** Br,** and NO,.**

The complex [Co"(SQ)y(4-X-py),] was synthesized as
described previously®***?%% (see the ESIt for further details).
The 100 nm-thick [Co"™(SQ),(4-X-py),] thin film was deposited
onto a highly-oriented pyrolytic graphite (HOPG) substrate as
described in the ESI,f where we also provide considerable
evidence that [Co"(SQ),(4-X-py),] preserves its molecular struc-
ture when deposited as a thin film. HOPG was chosen because
this is one of the few substrates that have little influence on the
spin state of a SCO molecule.>>*%3°

Field dependent XMCD spectroscopy was performed at the
Advanced Photon Source beamline 4-ID-C at Argonne National
Laboratory. The XMCD spectra near the Co L,j;-edge were
obtained at 200 K and magnetic bias fields (0.5 to 2 T po ).
The temperature dependent X-ray absorption and XMCD
spectroscopy were carried out at the Advanced Light Source
bending magnet beamline 6.3.1 and undulator beamline 4.0.2
at Lawrence Berkeley National Laboratory using a magnetic
field of 3.6 T po * for the XMCD. Both the XAS and XMCD
spectra were acquired in the in the total electron yield mode,
and for the XMCD results presented here, the applied magnetic
field was normal to the plane of the thin film. Since this
magnetic field strength is insufficient to align and saturate
the magnetic moments, the measured values for the spin and

662 | Chem. Commun., 2022, 58, 661-664

r to thin film fabrication.

orbital moments will be a small fraction of the actual Co(u)
moments. We also note that the various beamlines employed
for this study differ in the ellipticity of the light, resulting in
variations in the XMCD spectra, particularly variations in the
spin to orbital moment ratios plotted in Fig. 3 and 4.

Temperature-dependent X-ray photoemission spectroscopy
(XPS) measurements were taken as a function of temperature at
photon energy of 1486.6 eV (Al Ko X-ray source) with a SPECS
PHOIBOS 150 hemispherical energy analyzer with 20 eV pass
energy.”>

The temperature dependent magnetic susceptibility data of
[Co(SQ),(4-CN-py),] reveal a spin state transition temperature of
about 110 K and a hysteresis of 5 K (Fig. 1b), in agreement with
previous observations.*® In the LS state, the complex exists in
the S = 1/2 ground state due to the unpaired electron of the SQ
radical. In the HS state, the magnetic susceptibility is due to
contributions from the S = 3/2 HS Co(u) ion and two S = 1/2 SQ
radicals. In contrast to the magnetic data, the XAS spectra
(Fig. 2a) show little evidence of a spin state transition. Some
small changes are observed between 50 to 250 K, but these
changes are almost negligible (see the ESIT for further details).
The multiplet fitting of the XPS spectra at 220 K to 300 K are
also shown in Fig. 2b. The peak shape of the XPS spectrum
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Fig. 2 Temperature dependent XAS (a) and XPS (b) spectra, taken at Co 2p
core level, of a [Co(SQ),(4-CN-py),] thin film.
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remains unaffected by temperature, indicating the absence of a
redistribution of multiplet intensities known to accompany
SCO in transition metal complexes.'®*?**3> These observations
indicate that the system, exposed to soft X-ray fluence, is mostly
in the HS state even at low temperature, which is consistent
with the small change in bond lengths reported elsewhere.?

Field and temperature dependent XMCD measurements
near the Co 2p;, (L3) and 2py, (L,) edges were performed
(Fig. 3 and 4) to ascertain the behavior of the spin and orbital
magnetic moments. The XMCD intensity increases with the
magnetic field (Fig. 3b). The orbital and spin moments are
calculated from the integrals of both XAS and XMCD spectra
(dashed lines in Fig. 3a and b) defined as,*®

(1y —p_)dw and p

r:J (u++u7)dw7q:J
Li+L, Li+L,y

= JL; () = )do,

where p, and u_ are the XAS intensities taken with left and right
circular polarization or opposing applied magnetic fields. The
orbital and spin moments are shown in Fig. 3c with respect to
the applied magnetic field strength.

The linear increase with magnetic field indicates that both
spin and orbital moments are not saturated at an applied field
of 2 T p, *. Extrapolation of the spin moment to zero at zero
applied magnetic field corroborates a negligible net remanence
magnetization indicative of paramagnetic behavior. While both
the spin and orbital moment decrease with decreasing mag-
netic field, the orbital moment has a critical field barrier of
3.4 kOe. This means that a critical field is required for the
orbital moments to become evident. As shown in the ESI}
materials, choosing different subsets of the available data could
reduce the critical field to 1.6 kOe, but not to zero.

Such critical fields stem from barriers caused by the ligand
field in the [Co(SQ),(4-CN-py),] complex, including anisotropy
barriers (see the ESIT for a more detailed discussion). The ratio
of the spin to orbital moment, estimated from the XMCD
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Fig. 3 Field dependent XMCD on [Co(SQ),(4-CN-py),] thin films in the HS
state on HOPG at 200 K. (a) XAS spectra and (b) field dependent XMCD
signal at Co L-edge. (c) Spin and orbital moments with respect to applied
magnetic field. (d) Spin to orbital moment ratio with respect to magnetic
field.
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Fig. 4 Temperature dependent XMCD for [Co(SQ),(4-CN-py),] thin films
on HOPG. (a) X-ray absorption spectra and (b) temperature dependent
XMCD signal at Co L-edge. (c) Spin and orbital moments with respect to
temperature.

spectra according to (S,)/(L) = (9p-6¢)/2q,*® is shown in
Fig. 3d. Here, p and g are obtained from the integrated XMCD
signals at the L; and L, edges, respectively, as shown in Fig. 3b.
The (S,)/(L,) ratio decreases with increasing magnetic field
from 3.6 at 0.5 T po~ ' to 2.2 at 2 T p,~ ', which agrees well with
the expected spin to orbital moment ratio for the HS-Co(u) ion
(3.44 to 2.3).%”

The temperature dependent XMCD of a 100 nm-thick film of
[Co(SQ)(Cat)(4-CN-py),] on a HOPG substrate is shown in Fig. 4.
The data were recorded in the presence of a magnetic field
3.6 T W, ' to increase the signal-to-noise ratio. As seen in
Fig. 4b, the XMCD signal decreases with increasing tempera-
ture. The spin and orbital moments are calculated using the
sum rules®® and integrals of XAS and XMCD spectra (Fig. 4a and
b) and shown in Fig. 4c. When increasing the temperature from
150 K to 250 K, the spin moment (Fig. 4c) shows a significant
decrease consistent with the decline in overall moment above
140 K (Fig. 1b). This change can be attributed to thermal
magnon excitations which cause a spin moment misalignment
even with an applied magnetic field. The resulting projection of
spins in the minority spin channel decreases the net spin
moment, consistent with the decreasing magnetization with
temperature seen in Fig. 1b. While the present XMCD results
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indicate that the spin moment is sensitive to temperature, for
another SCO system, [Fe{H,B(pz),},(bipy)], the orbital moment,
not the spin moment, was found to be sensitive to
temperature.”

It is evident that, even in the HS state, [Co(SQ),(4-CN-py),]
exhibits a barrier to orbital moment alignment while the spin
moment is clearly temperature dependent. While [Co(SQ),(4-CN-
py)a] is a photoactive material, easily excited from the LS-Co™ to the
HS-Co" state, it should be noted that finite temperature effects are
likely to affect all local moment molecular systems.
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