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Developing molecular spin technologies requires microscopic
knowledge of their spin-dynamics. Calculation of phonon modes,
phonon scattering and spin—phonon coupling for a dysprosocenium
single-molecule magnet (SMM) give simulations of spin-dynamics
that agree with experiment. They show that low-energy phonon
scattering is a significant contribution to the high-performance of
dysprosocenium SMMs.

Molecular spins are a powerful platform for exploring the limits to
which we can build the smallest possible arbitrarily-configurable
magnetic materials, with applications to high-density data storage
and quantum computing."” A fundamental challenge in the area
of SMMs is to raise the maximum temperature at which they
exhibit magnetic memory. Currently, the highest temperature at
which magnetic hysteresis has been observed is 80 K, in two
Dy(m)-based SMMs, viz. [(Cp™™*)Dy(Cp*)][B(CsFs)s] and [(Cp™™)-
Dyl Dy(Cp™™)], with fully substituted cyclopentadienyl ligands
(Cp™™ = C5(CH(CH,),)s, Cp* = C5(CH,)5).>* In both systems, the
pseudo-linear disposition of the cyclopentadienyl anions creates
large axial magnetic anisotropy, and [(Cp™™®)Dyl;Dy(Cp™™)] also
features strong exchange coupling arising from a 5d half o-bond
between the two Dy(m) ions, which is thought to be the origin of
its ultrahard magnetic coercivity. Since the magnetic relaxation
(i.e. loss of magnetic memory) is driven by spin-phonon coupling
through two-phonon Raman scattering and single-phonon
Orbach mechanisms, a crucial component of improving perfor-
mance is understanding the spin-phonon coupling in SMMs.>
The Orbach mechanism is a single-phonon process whose char-
acteristic time has an exponential temperature dependence
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phonon bath and U, is the energy barrier."* At high temperature,
SMMs reverse their magnetisation over the U barrier via scatter-
ing with high-energy optical phonons, but this mechanism is
suppressed at low temperatures when the population of these
phonons is limited. At lower temperatures, magnetic relaxation is
instead dominated by the two-phonon Raman-I process, driven by
scattering with low-energy (pseudo-)acoustic phonons.>®*°
Understanding the nature of the phonons in molecular crystals
and the interplay of these mechanisms is thus crucial to control-
ling magnetic relaxation in SMMs.

To this end, we have developed open source software
packages to perform ab initio calculations of spin-phonon
magnetic relaxation dynamics in the solid state,"®'"'* and
have demonstrated excellent agreement with experiments for
Dy(m) SMMs in the crystalline’* and amorphous solid phases.*?
Here we deploy our methods (see SI for details) to study the
magnetic relaxation of the first dysprosocenium SMM
[DyCp",][B(C6Fs)4] (1; Cp™ = 1,2,4-(C(CH;)3)-Cs),"® including
ab initio calculation of the phonon linewidths. We find that
strong phonon scattering at low temperature leads to shorter
than expected phonon lifetimes, and hence larger phonon
linewidths, which partially contributes to the suppression of
Raman relaxation at low temperature. This suggests a possible
route to slowing two-phonon Raman spin-dynamics in mole-
cular materials by enhancing the low-energy phonon scattering.

The crystal structure of 1 has the P1 space group and
contains a monometallic dysprosocenium cation [Dy(Cp"™),]"
and a charge-balancing perfluorinated [B(CeFs),] . The struc-
ture used here differs from the original in that it does not
contain any solvent of crystallisation,"” but we note that the
experimental magnetic relaxation rates for the pure crystalline
material are practically identical for the two forms, showing
single-phonon Orbach relaxation above 60 K, two-phonon
Raman-I relaxation between 50 and 30 K, and quantum tunnel-
ling of the magnetisation (QTM) below 20 K."
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Fig. 1 (a) Molecular structure of 1. (b) Optimised geometry of the primi-
tive cell containing two molecules. Dy = teal, B = yellow, F = green, C =
brown, H = light blue.

The asymmetric unit contains one formula unit (Fig. 1a),
and thus there are two formula units in the primitive unit cell
due to the inversion symmetry of the P1 space group (Fig. 1b),
with a total of 276 atoms. Optimisation of the crystal structure
of 1 using density-functional theory (DFT; see ESIt for details)
gives unit cell parameters are very similar to the experimental
ones (Table S1, ESIt). Calculation of the phonon spectrum of 1
with phonopy'® contains one small-magnitude imaginary mode
at off-I" g-points (Fig. 2a). This is likely an artefact of the Fourier
interpolation used to obtain frequencies at g-points not com-
mensurate with the 2 x 2 x 1 supercell expansion (1104 atoms),
but larger expansions were not computationally viable. The low-
energy phonon dispersion and phonon density of states (pDOS)
shows a dense band of dispersive modes up to ca. 100 cm™*
arising from the pseudo-acoustic modes (external molecular
modes, Fig. 2). We previously found that a 5 x 5 x 5 g-point
mesh in reciprocal space was required to converge the integral
over the first Brillouin zone when modelling phonon-driven
magnetic relaxation.™ In this case, our 2 x 2 x 2,3 x 3 x 3, 4 x
4 x 4and 5 x 5 x 5 g-point meshes include 4, 14, 30 and 48
imaginary modes, respectively, with frequencies of at most
10.4i cm ™.

To test whether the latter are sufficiently converged, we
calculated the spin-phonon coupling and subsequently mag-
netic relaxation rates of 1 using our established protocols***°
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based on state-average complete active space self-consistent field
spin-orbit (SA-CASSCF-SO) calculations (see ESIT for details;
note that our calculations exclude temperatures <30 K, as at
lower temperatures QTM dominates). For g-point meshes from
1 x1x1to5 x5 x 5with a fixed full width-at-half-maximum
(FWHM) phonon linewidth of 10 cm ™", the rates are identical
(Fig. S3, ESIT). For the 4 x 4 x 4 g-point mesh with 30 imaginary
frequencies, we tested both neglecting the imaginary modes and
setting the frequencies to the absolute values, finding no differ-
ences (Fig. S4, ESIt). As such, we can be confident that calcula-
tions on 2 x 2 x 2 and 3 x 3 x 3 meshes are converged with
respect to Brillouin zone integration in this case.

Compared to the experimental relaxation rates, the rates
calculated using the fixed linewidth of I' = 10 cm™* are over-
estimated across the entire temperature range, but by less than
an order of magnitude. Variation of the linewidth from I = 0.1
to 10 cm ™" shows a positive correlation with relaxation rate in
the Orbach regime and a negative correlation in the Raman-I
regime for all of the g-point meshes tested (Fig. S5-S11, ESIf).
We observed and briefly discussed the latter effect previously,"
but give a detailed explanation of this effect in the ESI}
(Fig. S12 and S13, ESIt). Comparison to the experimental data
may suggest that the higher-energy optical phonons that
drive Orbach relaxation should have a narrower linewidth
(I ~ 0.01 cm™ "), and the lower-energy (pseudo)acoustic pho-
nons that drive Raman-I relaxation should have a broader
linewidth (I' ~ 100 cm™"). While this trend in agreement with
DFT calculations of the phonon linewidths (see below), we note
that this could also arise from an underestimation of the
phonon frequencies.>® We also considered the thermodynamic
NVT approximation for the linewidths introduced by Lunghi
et al.:’ in both the Orbach and Raman-I regimes this expression
gives rates very similar to those obtained using a fixed I' =
10 cm ' (Fig. $5-S11, ESI{), however at higher temperatures the
linewidths for the very low energy phonons, which are crucial in
the Raman-I regime, become so large that they cause numerical
instabilities in the integrals. We take the opportunity to com-
pare the present results to the Raman-I calculations for this
compound in the original report,'® and those more recently
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Fig. 2 Calculated (a) low-energy phonon dispersion and (b) density of states (pDOS), and (c) full pDOS, of 1.
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performed by Lunghi.’ The first calculations have a vastly
different temperature-dependence to the ones reported here
primarily because those calculations employed only gas-phase
vibrational modes and included none of the low-energy acous-
tic and pseudo-acoustic modes required to accurately model
the Raman-I mechanism, amongst other minor methodological
differences. The more recent results by Lunghi (which are
closer to experiment in the Orbach region than our present
results) differ in that we: employ a more realistic anti-
Lorentzian lineshape (¢f. Gaussian); include an electrostatic
model of the crystalline environment (c¢f gas-phase); account
for phonon dispersion by integration the first Brillouin zone
(¢f gamma-point only); and employ analytical derivatives of the
total ab initio Hamiltonian to obtain the spin-phonon coupling
(¢f numerical derivatives of crystal field parameters).

To calculate the phonon lifetimes and linewidths from first
principles requires the three-phonon scattering rates to be deter-
mined using the third-order (anharmonic) force constants.”!
Unlike our previous work on the Dy(m) SMM [Dy(bbpen)Br],""
compound 1 is much lower symmetry and has more atoms in the
unit cell, which makes the calculations far more demanding. We
therefore calculated the third-order force constants using
phono3py>" at different interatomic cutoff distances (3 < reye <
7 A, see ESI{ for details), and determined the phonon lifetimes
and linewidths using 2 x 2 x 2 and 3 x 3 X 3 g-point meshes
(note that calculated linewidths are not meaningful for imaginary
modes, so these modes are excluded from rate calculations). The
phonon lifetimes at 300 K range from 0.01 to 100 ps, which
correspond to linewidths of ~500 to 0.05 cm™" (Fig. 3 and Fig. S14,
ESIt). As the cutoff is reduced from the largest e, = 7 A for the
smaller 2 x 2 x 2 g-mesh, the average difference in the calculated
lifetimes at 300 K increases from 0.07 ps (4%) with 7, = 6.5 A to
0.65 ps (58%) with 7., = 3 A (Table S3, ESIT). However, given the
orders of magnitude variation in the phonon lifetimes, these
averages are not a meaningful metric, and a more useful test is
the calculated magnetic relaxation rates.

Calculating the rates using the DFT-calculated phonon line-
widths at 300 K as a function of r., for the 2 x 2 x 2 g-point
mesh, shows that the single-phonon Orbach rates are not
greatly influenced by r., and are similar to the fixed I' =
10 cm™ " calculation (Fig. S15b, ESIt). On the other hand, the
two-phonon Raman-I rates show a decrease with increasing
Teut, approaching the experimental rates at ... = 7 A (Fig. S15a,
ESIT). However, if we instead use the calculated phonon line-
widths at each temperature for which we calculate magnetic
relaxation rates, i.e. rather than using the 300 K linewidths
at all temperatures, we find that neither the Orbach nor
Raman-I rates show a significant dependence on the 7.y
(Fig. S16, ESIt). Because there is a small dependence of the
Raman rates on r.,c when phonon lifetimes are evaluated at
300 K, but no such dependence on r.,. when they are evaluated
<60 K, we suggest this implies that the phonon interactions
among the low-energy modes are long-ranged at high tempera-
ture but become more localised at low temperature. This is also
observed as an increasing divergence in the calculated line-
widths as a function of temperature for different r., for a
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Fig. 3 Phonon linewidths as a function of mode energy (<2000 cm™

only) at unique g-points for (a) compound 1 with a 3 x 3 x 3 sampling
mesh at 300 K (reue = 7 A), and (b) [Dy(bbpen)Br] with a 2 x 2 x 2 sampling
mesh at 300 K Values for different unique g-points are shown by
different markers and colours.

low-energy mode (Fig. S18a, ESIT). This is likely a consequence
of the amplitude (mean-square displacement) of the low-energy
modes being strongly dependent on temperature. The same
conclusions hold for the rates calculated with 7., = 7 A and the
larger 3 x 3 x 3 g-point mesh (Fig. 4 and Fig. S17, ESIY),
indicating our calculations are converged with respect to g-
point mesh and 7.

While there are significant temperature dependencies
for the calculated phonon linewidths, especially at low energies
(Fig. S18, ESIT), we find that when accounting for this tempera-
ture dependence the rates are very similar to those obtained
at a fixed I' = 10 cm™ ", and are overestimated compared to
experiment (Fig. S16 and S17, ESIt). This could suggest that the
effective linewidths (lifetimes) are underestimated (overesti-
mated) at low temperature, a suggestion we previously posed
for [Dy(bbpen)Br],"" which may be due to calculations for an
infinite perfect crystal compared to a real finite crystal with
defects. However, there could be other errors in our method
such as inaccurate phonon energies from DFT.”® In the present
case for 1, we observe that the (pseudo-)acoustic modes show a
trend of increasing linewidth with decreasing energy, which is
the opposite to what was observed for [Dy(bbpen)Br], which
showed decreasing linewidths with decreasing energy (Fig. 3)."*
Indeed, the phonon linewidths for the lowest-energy modes in
1 approach 600 cm ™" at 300 K, which are an order of magnitude
larger than the linewidths of ca. 2 cm ' found for
[Dy(bbpen)Br]."* While these behaviours are quite distinct from
each other, they are also quite different to the experimentally-
determined temperature dependence of phonon linewidths
for [VO(acac),], which range from a few cm ™" to 10-20 cm™*
at 300 K.>* This suggests that chemistry can play important
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Fig. 4 Experimental (black circles) and calculated (solid lines) magnetic
relaxation rates of 1. The calculations are performed on the 3 x 3 x 3
qg-point mesh with different approximations for the linewidth I', viz. fixed
I' = 01, 1 and 10 cm™ (red, green and blue respectively), and DFT-
calculated linewidths at 300 K (orange) and temperature dependent DFT
linewidths (pink). DFT-calculated linewidths obtained with rey = 7 A.

roles in phonon dynamics beyond manipulation of phonon
energies alone. Remarkably, the extreme difference in rates at
30 K (factor of 10*) and ~ T vs. ~T* temperature dependence
of the Raman-I relaxation in 1 and [Dy(bbpen)Br] are accurately
captured by our calculations. The size of the Raman exponent
has been shown to be related to the shape of the low-energy
phonon DoS,* and thus stronger low-energy phonon scattering
giving broader phonon linewidths in 1 vs. [Dy(bbpen)Br] must
be partially responsible for the suppressed Raman-I relaxation
in 1. This in turn suggests that enhancing phonon scattering
may provide a route to extrinsic enhancement of the spin
lifetimes at low temperature. However, the route to achieve
this is unclear: measurements for 1 in an amorphous frozen
solvent matrix seem to have no impact on spin lifetimes.">"®
We hope that the present results motivate more experimental
measurements of phonon lifetimes in molecular crystals.
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