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A Non-Equilibrium Atomic-Scale Simulation for Time-Evolutional
Spin Dynamics of a Radical Bridged Trinuclear Ni(ll) Complex

Aristide Colin,[2b Kenta Imoto,*@ Marie Yoshikiyo,[d Asuka Namai,[@ Masamichi Nishino,[! Seiji Miyashita,[ Talal

Mallah,®! and Shin-ichi Ohkoshi*[a.l

Abstract: A non-equilibrium atomic-scale simulation for time-evolutional spin dynamics on molecular magnets is
important to develop quantum electronic devices based on spin clusters and single molecule magnets. Herein we
show spin dynamic calculations of individual spins in a radical-bridged trinuclear Ni(Il) complex using the stochastic
Landau-Lifshitz-Gilbert (s-LLG) model, involving superexchange interactions (Jij) of spins between Ni (S= 1) cations
(Ni1, Ni2, Ni3) and a hexahydroxytriphenylene (HHTP) radical (S= 1/2), and single-ion magnetic anisotropy (D;) of
Ni. The time-evolution simulation reveals the spin directions show damping oscillation within ~10 ps. At equilibrium,
the spins are almost in the aromatic HHTP radical plane (xy-plane). The angles of the spins on Nil, Ni2, Ni3, and
the radical relative to the x-axis are 23.6°, 86.0°, 30.1°, and 31.4°, respectively, mainly due to negative Dni1 value.
The oscillation frequencies of 120 GHz and 210 GHz correspond to the zero-field magnetic resonance.
Temperature-evolution simulations reveal the directions of the spins gradually fluctuate with increasing temperature,
and finally the spins are almost randomly oriented above 5 K, reflecting the energy barrier by the total magnetic
anisotropy. Such non-equilibrium atomic-scale simulations of time- and temperature-evolution dynamics would be
useful for predicting qubit or coherence state of single molecule magnets.

Introduction

Control of the magnetic exchange coupling in
polynuclear molecular complexes can be of interest for
potential applications in the field of quantum information,
in which coherence time and quantum gate properties
are essential factors. Particularly, non-innocent bridging
increased magnetic exchange coupling between
magnetic ions'3-21, or control of the magnetic
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exchange interaction. Controlling the magnetic
exchange interaction can be of interest for potential
applications in the field of quantum information. Indeed,
switching of the exchange interaction between
magnetic ions behaving as qubits can entangle them,
thus forming a

guantum gate??23, Examples of drastic modulation of
the exchange coupling in dinuclear complexes?+2° and
more recently in trinuclear complexes3°-32 have been
reported. For trinuclear complexes, the highly
conjugated tris-dioxolene 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP) bridging ligand has
been used in the field of two-dimensional covalent
metal-organic-frameworks or in several molecular
complexes3*43 A trinuclear = molecular complex
[{Ni(HBTpPrPM)}s(HHTP+)] (HBTpP"FPh=tris(3,5diphenyl-
1H-pyrazol-1-yl)(hydridoborate)) was synthesized in
2019%%.  This molecule exhibits electrochemical
properties with five reversibly accessible oxidation
states (Fig. S1). The charge neutral state,
[{Ni(HBTpP"PM}s(HHTP+)], was obtained as single
crystals enabling analysis of the crystal structure as
shown in Fig. 1a. There are three pentacoordinated
Ni(ll) ions, Nil, Ni2, and Ni3. Nil adopts a trigonal
bipyramidal geometry while Ni2 and Ni3 have square
pyramidal geometries. In the neutral state, the HHTP
ligand is in the tris-semiquinone state, {sg-sqg-sq}+%, with
three single electrons in interaction. Multireference ab
initio computations for this neutral state showed that
HHTP adopts a doublet ground state, where two of the
electrons form a pair leaving one electron as a radical**.
Molecular orbitals showed that the radical localizes near
the Ni3 site (Fig. 1b and S2). Such asymmetric
coordination originates from the difference in the



Figure 1. (a) Top view (upper) and side view (lower) of the molecular
structure of [{Ni(HBTpPh,Ph)}s(HHTP+)] obtained from single crystal
analysis in ref. 43. Ni, N, O, C, and B atoms are represented as green,
light blue, red, gray, and pink, respectively. Functional groups on
trispyrazolylborate ligands are omitted for clarity. (b) Magnetic orbital
of HTTP radical and (c,d) those of d-orbitals of Ni adapted from ref.
44. It is noted that Fig. 1b is the calculated result of the Zn analogue
of the present system.

coordination environments of the three Ni(ll) sites and
the non-planar structure of the HHTP ligand that breaks
the C3 symmetry. As for the d-orbitals of the Ni(ll) ions,
Nil possesses its single-ion anisotropy axis in the
triangular plane. On the other hand, the anisotropy axes
of Ni2 and Ni3 are perpendicular to the triangular plane.
Figures 1c and 1d show the representative d-orbitals of
the three Ni(ll) sites. In the present work, we show the
non-equilibrium atomic-scale simulation of the time-
evolution spin dynamics for the relaxation process to the
equilibrium spin configuration of
[{Ni(HBTpPPN)}s(HHTP+)] with a visualization of the
individual spins by the stochastic Landau-Lifshitz-
Gilbert (sLLG) calculations, and temperature-evolution

of spin dynamics under the effect of thermal fluctuations.

Results and Discussion

Calculation Process of Non-Equilibrium Atomic-
Scale Simulations of Spin Dynamics

In the present calculation, we applied the following
spin Hamiltonian,
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where J; ; is the superexchange interaction between the
i and j sites, S; (or S;) is the spin angular momentum of
the i (or j) site, D; is the anisotropy tensor for the i site,
H is the magnetic field applied to i site, gi is g value for
the i site, and B is Bohr magneton. For theoretical
calculations of the magnetic system, thermal
fluctuations were taken into account by introducing the
thermal noise to Landau-Lifshitz-Gilbert equation as
random noise into the effective field (HE — HET + &),
resulting in the sLLG equation,*-47

d Yi
5= 102 s x (HE'™ +&;)
Yi

T radis
x [S; x (HE™ + &)],

where S; is the magnetization of i site, «; is the damping
factor of i site, yi(=g;8/h) is gyromagnetic constant, &;
is the white Gaussian noise applied at i site, and H¢ is
the effective field calculated from the derivative of the
Hamiltonian as

0
s, S H (S,

gi.BH?ff = 3

Sn,t).

§:(¢t) satisfies the following relations: (£/(t)) = 0,
(E1(OE7 () = 24;6;j6,,6(t — t'), where u and v are
the Cartesian components and 4; is the amplitude of
the noise, which is expressed as A; = a;kzT/y;|S;| to
assure the canonical distribution in the equilibrium
state*’.

In the present simulation, we used the magnetic
interaction parameters of [{Ni(HBTpP"Ph)}a(HHTP*)]
(hereafter HHTP- is referred to as Re¢) reported in the
previous literature*4. Fig. S3 shows the crystal structure,
which contains two molecules in the unit cell. Spins are
set on each of the three Ni(ll) sites as S=1 and on R+ as
S=1/2. Based on the calculations performed in the
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Figure 2. (a) Top view (upper) and side view (lower) of the molecular
structure of [{Ni(HBTpPh,Ph)}s(HHTP+)] obtained from single crystal
analysis in ref. 43. Ni, N, O, C, and B atoms are represented as green,
light blue, red, gray, and pink, respectively. Functional groups on
trispyrazolylborate ligands are omitted for clarity. (b) Magnetic orbital
of HTTP radical and (c,d) those of d-orbitals of Ni adapted from ref.
44. 1t is noted that Fig. 1b is the calculated result of the Zn analogue
of the present system.



previous paper#4, the superexchange interaction
between the Ni sites (Nil, Ni2, and Ni3) and R+ are set
as Jnitr, Jnizr, and Jnisr, respectively, and the
anisotropy tensor (D;) for the Ni sites were set as shown
in Fig. 2, Fig. S4 and Table S1. The anisotropy tensor
elements including off-diagonal anisotropy terms used
in the present study are listed in Table S2. g value is
assume to isotropic value of 2.3 for all Ni sites.** Since
we do not have experimental or theoretical evidence of
the a value for the target system, in the present
calculation, to calculate fast relaxation process, a value
was fixed to 0.1, which is the largest practical value
described in the previous literature.*®

Time-Evolutional Spin Dynamics

The time-evolution of spin dynamics was performed by
calculating at 0.0001 K (nearly equal to 0 K) under zero
magnetic field (H= 0). The initial spins were set to be
parallel along the x-axis in-plane of the planar HHTP
molecule at 0 ps as shown in Fig. 2. Nil and Ni3 are
parallelly oriented towards the +x direction, while Ni2
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direction. The simulation revealed that the spin
directions tilt to the y-axis direction with damping
oscillation over a time span of 15 ps as shown in Fig 3a.
Supporting Movie 1 shows the relaxation process. The
spin on Nil relaxed to its equilibrium within 5 ps, while
the spins on Ni2, Ni3, and R relaxed within 15 ps (Fig.
3). At equilibrium, the directions of the spins on all sites
are almost in the xy-plane, i.e., the angle (¢) from the
aromatic HHTP radical plane (xy-plane) are ¢= 3.5° for
Nil, ¢= 6.0° for Ni2, ¢= 15.6° for Ni3, and ¢= 13.0° for
Re. In the xy-plane, the rotation angle from the spins on
Ni1, Ni2, Ni3, and R in respect to the x-axis (6) are 6=
23.6°, 86.0°, 30.1°, and 31.4°, respectively. Such an
equilibrium spin configuration indicates that the
orientations of spins are governed by the direction of
negative Dnix (magnetic easy axis). It is noted that the
above configuration is confirmed as the most stable by
obtaining the same configuration in the simulations
starting from the randomly selected 513 configurations
and sweeping the temperature from 20 K to 0.0001 K
with 1 K ns™! (Fig. S5). Additionally, the simulations with
a values of 0.02 and 0.05 resulted in the convergence
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to the same configuration (Fig. S6).

Figure 3. (a) Temporal evolution of the magnetization projected along each crystallographic axis. Red, green, and blue lines represent magnetic
moments along the a, b, and c-axes, respectively. (b) Spin configurations at 0 ps, 2 ps, 6 ps, and 15 ps. Green and red arrows represent the
spins on Ni and Re, respectively. Light blue arrows are the directions of the total magnetization.



Concerning the damping oscillation of the relaxation
process, we evaluated the frequency of the damping
oscillation by the fast Fourier transform (FFT) over 0—
400 ps (Fig. 4). The FFT result indicates that the spin
on Nil primarily oscillate at 210 GHz, while the spin on
Ni2 oscillates strongly with a frequency of 120 GHz, and
the spins on Ni3 and Re oscillate at both 120 GHz and
210 GHz. These frequencies are considered to
correspond to the zero-field magnetic resonances of the
present system.

Intensity (a.u.)

Ni3 radical
Ni1

Figure 4. Frequency of spin oscillations for Nil (blue), Ni2
(green), Ni3 (red), and R« (black) during the relaxation process
towards the equilibrium configuration.

Temperature-Dependence of Spin Dynamics

Next, we evaluated the thermal fluctuation of the spins
in the present system. With increasing temperature, the
spins start to deviate from their equilibrium states. First,
let us look at the status at 2 K. At 2 K, Nil fluctuates

Temperature
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around its magnetic easy axis (+zni1-axis), while Ni2 and
Ni3 fluctuate within their magnetic easy-planes (Xnizyniz-
plane and xnisynis-plane, respectively) (Fig. 5). The spin
on Nil orient to one direction, while the spins on Re, Ni2,
and Ni3 are spread in a fan-like form. At 5 K, the spins
on Nil, Ni3, and Re also appear at the opposite direction
as shown in the bow-tie-shaped distribution in Fig. 5. At
20 K, the directions of the spins are no longer pinned to
specific directions, and the spins on Re, Ni2, and Ni3
show spherical distributions. Supporting Movies 2 and 3
show the direction of the trinuclear molecule within the
unit cell, respectively.

Conclusion

In conclusion, we calculated and visualized the spin
dynamics of [{Ni(HBTpPhPh)}3(HHTP)]s, and revealed
the relaxation process to the equilibrium magnetic
configuration as well as the fluctuation of the spins by
the effect of temperature. This work is a unique trial to
carry out sLLG simulations of the dynamics of individual
spins in a metal complex containing both radicals and
magnetic ions. The sLLG method is a powerful tool
since it is capable of simulating the dynamics of
individual spins in response to temperature, external
magnetic field, and electromagnetic waves. Such
simulations applicable to single molecule magnets or
metal complexes, which have potential for future spin
qubits, will give insights into the development of spin
materials.

Figure 5. Diagram showing the distribution of the spin directions at 0.0001 K, 2 K, 5 K, and 20 K, composed by overlay of snapshots of the
spins between 0-100 ps. Upper are top views from the z-axis direction, and lower are the side views. Green and red colors indicate the spin

directions of Ni and Re, respectively. Blue bars show the zi; niz niz-axes of the single-ion anisotropy at the Nil,2,3 sites.
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Temperature

stochastic Landau Lifshitz Gilbert equation:

d ¥ . ay
M= — My x (H 4+ &) - —— 5 —
dt 1+a? (HEE+4) (1+a?)m;

M; x [Mi x \CHL?"+§K]]

Hamiltonian: 3 = Z/ws, -5 - ZDl‘ws.,@ - th,
7 [ 7

et = 0 s
GPHE = — (5, -5, 0)

Spin dynamic calculations of individual spins in a radical-bridged trinuclear Ni(ll) complex using the stochastic
Landau-Lifshitz-Gilbert (s-LLG) model involving superexchange interactions (J) and single-ion anisotropy (D)
revealed the temporal dynamics and the temperature fluctuation of spins, indicating the applicability of the methods
for predicting qubit or coherence state of single molecule magnets.



