An ab initio study of magnetic relaxation in a dysprosocenium single-molecule magnet
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Abstract

The development of technologies exploiting molecular spins, such as single-molecule magnets
(SMMs) and molecular qubits, requires detailed knowledge of the microscopic spin-dynamics,
which in turn relies on understanding the spin-phonon coupling. Building on our recent work,
we perform ab initio calculations of the phonon modes, anharmonic phonon scattering and
spin-phonon coupling in a molecular crystal of the dysprosocenium SMM
[DyCp"™>][B(CeF5s)4]. Spin-dynamics simulations give excellent agreement with experiment
and provide further insight into the high-performance of the dysprosocenium class of SMMs.
We find that strong phonon scattering in the (pseudo-)acoustic regime leads to very short

phonon lifetimes, large phonon linewidths, and, consequently, slower spin relaxation.

Introduction

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 single-
molecule magnetism (SMM) 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(Ill)-based SMMs, viz. [(Cp*™)Dy(Cp*)][B(CeFs)s] and
[(Cp™)DylsDy(Cp'*3)], with fully substituted cyclopentadienyl ligands (Cp™™® =
Cs(CH(CH3),)s, Cp* = Cs(CH3)s).** In both systems, the pseudo-linear disposition of the

cyclopentadienyl anions creates large axial magnetic anisotropy, and [(Cp'*™)Dyl3Dy(Cp*™)]
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also features strong exchange coupling arising from a 54 half 6-bond between the two Dy(I1I)

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 performance is understanding the spin-phonon coupling in SMMs. -
® The Orbach mechanism is a single-phonon process whose characteristic time has an

Uetr
kgT

exponential temperature dependence T = Tyexp ( ), where 7, is the characteristic time scale

of the phonon bath and U, is the energy barrier.! At high temperature, SMMs reverse their
magnetisation over the Uyg barrier via scattering 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.®8 Understanding the
nature of the phonons in molecular crystals and the interplay of these mechanisms is thus
crucial to controlling magnetic relaxation in SMMs.

To this end, we have developed open source software packages to perform ab initio calculations

8-12 and have demonstrated

of spin-phonon magnetic relaxation dynamics in the solid state,
excellent agreement with experiments for Dy(III) SMMs in the crystalline” and amorphous
solid phases.!* Here we deploy our methods to study the magnetic relaxation in crystalline
[DyCp',][B(CeFs)s] (1), 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 molecular materials by enhancing the low-energy phonon scattering.

Methods

We used density-functional theory (DFT) with VASP 5.4.415-18 to obtain an optimised crystal
structure and evaluate the solid-state phonon modes, using the PBE functional'® with the semi-
empirical DFT-D3 dispersion correction?* and projector augmented-wave (PAW)
pseudopotentials including a 4f-in-core potential for Dy.?!??> We used a plane-wave basis set
with an energy cutoff of 850 eV and sampled the electronic structure at the I'-point, justified
by convergence of single-point energy and stress calculations. Starting from the primitive cell

of 1 obtained from the Cambridge Structural Database (CCDC 2046705),>° the atomic
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positions and unit cell parameters were optimised, maintaining the experimental unit cell
volume, to total energy and force tolerances of 10® eV and 0.01 eV A-'. Phonons were
calculated with Phonopy?* from force constants evaluated in a 2x2x1 supercell. Third-order
force constants were then calculated in the primitive cell using Phono3py.?® Including all
pairwise atomic displacements would require more than 2.7 million single-point calculations,
so we employed various distance cutoffs of 3 < 7oy < 7 A, in steps of 0.5 A beyond which the
pair-wise third-order force were assumed to be zero. This reduces the number of single-point
computations to between 63,468 (reu = 3 A) and 674,244 (rew = 7 A). Linewidths were
calculated using second-order perturbation theory on g¢-point grids with up to 5x5x5

subdivisions.

We used our established protocol for calculating the molecular spin-phonon coupling in the
crystalline phase.®*?® In this approach, we perform molecular state-average complete active
space self-consistent field spin-orbit (SA-CASSCF-SO) calculations on a single cation of 1
surrounded by a spherical cluster of unit cells (approximate radius 30 A, chosen by
convergence testing). Molecules in the vicinity of the reference molecule are represented by
point charges determined from gas-phase DFT calculations on each unique molecule, using
Gaussian 09d,?” with Dy substituted with Y to avoid a multiconfigurational ground state, and
fitting the external molecular electrostatic potential using the CHELPG method.?® The cluster
is then embedded in a spherical conductor (Kirkwood solvent model with € — o) to screen the

unphysical surface charges to accurately reproduce the long-range Madelung potential.’

Our SA-CASSCF-SO calculations are performed using OpenMolcas 23.02,%° considering 18 S
= 5/2 states (°H and °F terms) in a 9-in-7 active space (4f° configuration) using the second-
order Douglas-Kroll-Hess relativistic decoupling,®® the Cholesky “atomic compact” resolution
of the identity method for approximation of two electron integrals,’! and ANO-RCC basis sets
for all atoms (VTZP for Dy, VDZP for the first coordination sphere and VDZ for all other
atoms).*>33 These 18 spin-free states are then mixed with SO coupling, and the electronic states
corresponding to the ®His, multiplet are projected out of the ab initio basis to define the
equilibrium Hamiltonian A (note that this is not just the lowest 16 Kramers doublets, but the

entire angular momentum content of the multiplet). The spin-phonon coupling Hamiltonian for

. . . oH . ) . . .
each phonon mode (index j) at each g-point, o7 18 evaluated using our linear vibronic
qj

coupling method,”3#> and the components relevant to the °His/» multiplet are projected directly

without recourse to a model Hamiltonian.
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Magnetic relaxation rates were determined using TAU,3*® considering both Orbach and
Raman-I rate expressions, derived from perturbation theory, given by Equations 1-6 in the

supporting information of reference 8

. Calculation of the rates using these perturbative
expressions requires an energy gap within the lowest Kramers doublet, which occurs in the
experiment due to the presence of a dipolar magnetic field and/or the driving AC magnetic
field, and thus we apply a small magnetic field of 2 Oe along the main magnetic axis of the
molecule to split the ground doublet by ca. 0.02 cm™!. The Raman-I integral is restricted to ®
<99 cm™! to avoid divergence in the perturbation expression, which is sufficiently smaller than
the first crystal field excitation of 457.47 cm™! while including sufficient modes populated in
the Raman region < 60 K (Figure S1). Integration is performed over antilorentzian phonon

lineshapes (Equation 7 in the supporting information of reference ®) to an equivalent range of

1+ 20 (95%) using the trapezoidal method with 100 equidistant steps.

Results and discussion

The crystal structure of 1 has the P-/ space group and contains a monometallic dysprosocenium
cation [Dy(Cp").]" and a charge-balancing perfluoronated [B(CeFs)4] . The structure 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 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 tunnelling of the magnetisation (QTM) below 20 K.2* The
asymmetric unit contains one formula unit (Figure 1a), and thus there are two formula units in
the primitive unit cell due to the inversion symmetry of the P-/ space group (Figure 1b), with
a total of 276 atoms. The optimised unit cell parameters of 1 are very similar to the experimental

ones (Table S1).

The calculated phonon spectrum of 1 contains one small-magnitude imaginary mode at off-I"
g-points (Figure 2a). This is likely an artefact of the Fourier interpolation used to obtain
frequencies at g-points not commensurate with the 2x2x1 supercell expansion, 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, Figure 2).
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Figure 1. a) Molecular structure of 1. b) Optimised geometry of the primitive cell containing

two molecules. Dy = teal, B = yellow, F = green, C = brown, H = light blue.
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Figure 2. Calculated a) low-energy phonon dispersion and b) density of states (pDOS), and ¢)
full pDOS, of 1.

We previously found that a 5x5%5 g-point mesh in reciprocal space was required to converge
the integral over the first Brillouin zone when modelling phonon-driven magnetic relaxation.’
However, in this case, 4x4x4 and 5x5%5 g-point meshes include 30 and 48 imaginary modes,
respectively, with frequencies of at most 10.4i cm™!, whereas 2x2x2 and 3x3x3 meshes do not
have imaginary modes. To test whether the latter are sufficiently converged, we calculated
relaxation rates of 1 with up to 5x5x5 using a fixed full-width-at-half-maximum (FWHM)
phonon linewidth of 10 cm™. For the meshes with imaginary frequencies, we tested both

neglecting the imaginary modes and setting the frequencies to the absolute values. Magnetic
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relaxation rates are practically identical for all tested meshes (Figure S2) and with both
treatments of the imaginary frequencies (Figure S3). As such, we can be confident that
calculations on 2x2x2 and 3x3x3 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 overestimated across the entire temperature range, but by less than an order of
magnitude. Variation of the linewidth from "= 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 (Figures S4-S10), as observed previously.” Comparison to the
experimental data hence suggests that the higher-energy optical phonons that drive Orbach
relaxation should have a narrower linewidth (ca. I” = 0.01 c¢cm™), and the lower-energy
(pseudo)acoustic phonons that drive Raman-I relaxation should have a broader linewidth (ca.
I' =100 cm!), which is in agreement with DFT calculations of the phonon linewidths (see

below).

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™! (Figures S4-S10), 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.
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Figure 3. a) Phonon lifetimes and b) linewidths as a function of mode energy at the unique g-
points in the 3x3x3 sampling mesh at 300 K. Values for different g-points are shown by

different markers and colours.
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To calculate the phonon lifetimes and linewidths from first principles requires the three-phonon
scattering rates to be determined using the third-order (anharmonic) force constants.?> Unlike
in our previous work on Dy(III) SMM [Dy(bbpen)Br],’ the present compound 1 has a much
lower symmetry crystal structure and more atoms in the unit cell, which makes the calculations
far more demanding. We therefore calculated the third-order force constants at different
interatomic cutoff distances (3 < 7ot < 7 A, see Methods), and determined the phonon lifetimes

and linewidths using 2x2x2 and 3x3x3 g-point meshes.

The phonon lifetimes at 300 K range from 0.01 to 100 ps, which correspond to linewidths of
500 to 0.05 cm™ (Figures 3 and S11). We observe that the (pseudo-)acoustic modes show a
trend of decreasing lifetime with decreasing energy, which is the opposite to what was observed
for [Dy(bbpen)Br].” As the cutoff is reduced from the largest 7. = 7 A for the smaller 2x2x2
g-mesh, the average difference in the calculated lifetimes at 300 K increases from 0.07 ps (4%)
with 7ot = 6.5 A to 0.65 ps (58%) with re = 3 A (Table S2). 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 linewidths at 300 K as a function of 7y, for the 2x2x2 g-point mesh, shows
that the single-phonon Orbach rates are not greatly influenced by 7cu and are similar to the
fixed I"= 10 cm! calculation (Figure S12b). On the other hand, the two-phonon Raman-I rates
show a clear decrease with increasing rcu, closely approaching the experimental rates at rcu =

7 A (Figure S12a).

However, if we instead use the calculated phonon linewidths 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 rcue (Figure S13). Taken together, this implies that the phonon interactions among the
low-energy modes are long-ranged at high temperature but become more localised at low
temperature; this is likely a consequence of the amplitude (mean-square displacement) of the
low-energy modes being strongly dependent on temperature. However, we also find that when
accounting for the temperature dependence of the linewidth the rates are very similar to those
obtained at a fixed /"= 10 cm™!, and are overestimated compared to experiment. This suggests
that the effective linewidths are underestimated, and thus the lifetimes are overestimated,
which mirrors our findings in previous work on [Dy(bbpen)Br];? we suspect this is partially
due to calculations being performed on an infinite perfect crystal compared to a real finite

crystal with defects. Using the 300 K linewidths, with an appropriate cutoff, therefore gives
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the best results. The same conclusions hold for the rates calculated with 7y =7 A and the larger

3x3x3 g-point mesh (Figures 3 and S14).
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Figure 3. Experimental (black circles) and calculated (solid lines) magnetic relaxation rates of
1. The calculations are performed on the 3x3%3 g-point mesh with different approximations
for the linewidth I, viz. fixed I"= 0.1, 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 rcu = 7 A.

The calculated spin-phonon coupling and magnetic relaxation shows excellent agreement with
the experimental data. The phonon lifetimes for the lowest-energy modes in 1 are as low as
0.01 ps at 300 K, which are an order of magnitude lower than the 0.1 ps in [Dy(bbpen)Br],’
resulting in far broader linewidths. The variation in phonon linewidths with energy in the low-
energy regime also show the opposite trend between the two materials. We note that this finding
could not have been obtained with simple fixed linewidth relaxation rate calculations.
Remarkably, the rather extreme 10* difference in rates at 30 K and ~T? vs. ~T* temperature
dependence of the Raman-I relaxation in 1 and [Dy(bbpen)Br] are accurately captured by our
calculations. This suggests that the suppressed Raman-I relaxation in 1 compared to other
Dy(IlIT) SMMs can be partially attributed to stronger phonon scattering, leading to shorter
phonon lifetimes and broader phonon linewidths, which is related to requirements on the shape

of the phonon DoS discussed by some of us previously.*®3” This in turn indicates that
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enhancing phonon scattering by lattice engineering, e.g. by introducing intentional defects or
preparing lattice heterostructures, may provide a route to extrinsic enhancement of the spin

lifetimes at low temperature.
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