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Magneto-straintronics on a Co-coordinating metalloboronfullerene
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The strain-modulated ultrafast spin dynamics of Co embedded exohedral boron fullerene [Co&B40]− is
investigated with high-level ab initio calculations. We find that due to its high ductility and malleability, B40

can retain its structure upon both the addition of a magnetic atom and the exertion of mechanical tensile or
compressive strain, and that its elasticity modulus is highly anisotropic. The geometric optimization reveals
that [Co&B40]− prefers three different configurations. For the spin-dynamics investigation we focus on one of
them, namely the configuration with the Co located near the center of a heptagon (the only geometry in which
the boron cage remains intact) as an example to investigate the spin-dynamics features. Several laser-induced
spin-flip scenarios are suggested, the details of which strongly depend on the magnitude and the direction of
any deformations. Thus, utilizing the coupling between the external mechanical strain and the spin degree of
freedom in magnetic exohedral all-boron fullerenes, we demonstrate the realizability of magnetostraintronic
devices on molecular systems. The asymmetric modulation of the spin-flip process with respect to the tensile
and compressive strain (tension-compression-asymmetric ultrafast spin dynamics) can provide further control of
such integrated spin-logic devices.
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I. INTRODUCTION

Since the demonstration that structural distortion can sig-
nificantly modify the electric or magnetic properties of bulk
crystals [1–4], thin films [5–8], or even single molecules
[9–13], strain engineering and straintronic mechanism has
grown into an intriguing area of research that can be used
to improve the performance of electronic devices [14–19].
Specifically, the possibility to manipulate the electronic spin
state and spin dynamic features through the external strain
or the change of the geometric configuration has been con-
firmed in different materials [3,4,20,21]. One can see that the
coupling between electronic spin and structural deformation
is of strong promise for realizing unprecedented quantum
information processing schemes. At the same time, with
the increasing demand for the miniaturization of computer
processors, magnetic molecules and nanoscale clusters hold
great potential as candidates for the future spintronic devices
due to their small size. The discrete levels and the highly
localized spin density of molecular systems are instrumental
in achieving controllable spin dynamics. In addition, several
experiments already address the technical difficulty of induc-
ing and detecting structural deformation on molecular systems
by using atomic force microscopy (AFM). For example, Xu
et al. demonstrated that the deformation of molecule electrode
junctions can be performed by moving an Au-coated Si tip
mounted on an atomic force microscope [22]; Frei et al. pro-
vided an experimental method to induce and detect the relative
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length modification of molecular junctions [23]; Habid et al.
systematically investigated the intramolecular strain in the
alkanedithiol and alkanediamine molecular families and ex-
plored how a strain applied to the junction is dispersed among
the molecular bonds [24]. These studies clearly indicate the
possibility of controlling the spin degree of freedom with
external strain in microscopic systems such as molecules.

Nowadays, single molecules and nanoparticles have taken
over an important role in the design of novel nanoscale devices
and applications [25,26]. Among the multiple materials with
possibly intriguing spin features, endohedral, and exohedral
fullerenes have their own merits [27]. Their structural robust-
ness and the long coherence time of their electronic states
enables them to serve as functional information carriers, while
their high ductility provides a wide nondestructive deforma-
tion window [28]. In 2010, Popov and his colleagues have
revealed the coupling effect between the spin flow and the
cluster vibration in TiSc2@C80 [12]. Following this, other
studies on the interaction between structural deformation and
spin properties of different fullerene systems were also per-
formed [29,30].

Initially the investigations of strain engineering and elec-
tronic spin properties focused mainly on carbon fullerenes.
However, the noncarbon fullerenes also start to attract more
and more interest [31–33]. As one of the closest elements
to carbon in the periodic table of elements, boron seems to
be the best candidate. Experimental detection of the rather
small fullerene-like cage cluster B40 was reported by Zhai
et al. in 2014 [34]. Particularly, there was a significant distinc-
tion between the geometric configurations of B40 and typical
fullerene structures. Carbon fullerenes are usually composed
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of hexagons and pentagons, while B40 consists of four hep-
tagons on its waist and two hexagons at the top and the bottom
(following Zhai, we refer to this fullerene-like cage also as
fullerene). The diameter of the hollow sphere inside B40 is
about 6.2 Å, which is large enough to hold a metal atom or
a small cluster to produce various endohedral and exohedral
fullerenes [35–38]. Several intriguing features of B40 and its
metalized derivatives, such as high hydrogen storage capacity
[39,40], high sensitivity for NH3 detection [41,42], and high
CO2 adsorbivity [43,44], have also been predicted. However,
to the best of our knowledge, there is still no investigation on
the spin dynamic properties and the coupling effect between
spin and external stimuli, such as magnetic fields, laser pulses,
and strain, in boron fullerenes.

To investigate the strain effect on the spin-dynamics behav-
ior of such boron fullerene systems, the pristine B40 subjected
to uniaxial stretching and compression are investigated first to
explore the feasibility and the deformation characteristics of
the molecule. Then the laser-induced ultrafast spin-switching
mechanism of [Co&B40]− and the strain effect on the spin-
switching process in different configurations are investigated
in detail. It is found that [Co&B40]− prefers the configuration
with the Co located near the center of heptagon, slightly
outside the boron cage. The spin switching on [Co&B40]−
can be accomplished on the subpicosecond timescale. In
particular, the dynamic features of the spin-switching process
on the structures can be manipulated by applying uniaxial
strain. Utilizing the coupling of the mechanical deformation
and the spin degree of freedom, such tension-compression-
asymmetric ultrafast spin dynamics provides new possibilities
for the design of a spin device based on the metalloboron-
fullerenes.

II. THEORY AND METHODS

The stability and ductility of the pure B40 molecule is
investigated first by using both density functional theory
(DFT) and Hartree-Fock (HF) methods. The HF calculations
are necessary since our spin-dynamics calculations are based
on correlated post-HF methods, while the DFT calculations
are used to compare and validate the HF geometries. The
stability of the structures is verified by the absence of vibra-
tional modes with imaginary frequencies. The convergence
criteria for the geometry optimization are set as follows: (i)
the maximum component of the force must be below the
cutoff value of 4.5 × 10−4 Ha/a0 (a0 is the Bohr radius),
(ii) the root-mean-square of the forces must be lower than
3.0 × 10−4 Ha/a0. Based on the optimized structure, the
elastic properties of B40 are examined and the values of
the elastic constants are obtained by analyzing the potential
energy curve (PEC). The geometry optimization of both the
equilibrium and distorted [Co&B40]− is performed with the
restricted open-shell Hartree-Fock (ROHF) method (to al-
low for the subsequently employed post-HF methods, which
necessitate restricted molecular orbitals), and the electronic
many-body states are obtained with the high-level symmetry-
adapted cluster configuration interaction (SAC-CI) method as
implemented in the GAUSSIAN quantum-chemistry package
[45,46]. In the SAC-CI method, the many-body wave func-
tions are represented by a cumulative expansion of the virtual

excitations. The correlated wave function of the ground state
is given by

|�g〉 = ecI ŜI +cJ ŜJ+···|�HF〉

=
(

1 +
∑

I

cI ŜI + 1

2

∑
IJ

cI cJ ŜI ŜJ + · · ·
)

|�HF〉, (1)

where ŜI and ŜJ symbolically denote symmetry-adapted exci-
tation operators (e.g., single or double excitation operators),
and cI and cJ are their respective amplitudes. |�HF〉 is the
Hartree-Fock configuration. For the excited states, the wave
functions are represented by

|�e〉 =
∑

K

dK R̂K |�g〉 −
∑

K

〈�g|dK R̂K |�g〉 |�g〉, (2)

where the R̂K denote the excitation operators acting on the
ground state |�g〉, and dK are their respective coefficients.
It should be noted that all single excitation operators are
included, while only double virtual excitations with second-
order energy contributions larger than 10−6 Ha are consid-
ered. Notably, SAC-CI is a size consistent method suitable
for problems involving geometry alterations, such as strain
and deformation [47]. For the Co atom the Los Alamos
National Laboratory with double zeta basis set (LANL2dz)
with effective core potentials (ECP) is used [48]. For the B
atoms we use three different basis sets, namely STO-3G, 6-
311G, and 6-311+G*. Due to the multitude of structures and
geometries needed for our study (and the high computational
costs for each structure as well), we restrict ourselves to the
lower-quality basis set for the majority of our spin-dynamics
scenarios. However, the validity of those results is verified
by comparing for a number of representative cases with the
results obtained from the higher-quality basis sets (6-311G
and 6-311+G*). The comparison comprises the optimized
geometry and the spin-density localization of the molecules.

The spin dynamics of our Co-doped B40 system is based on
optical � processes [49–51]. A � process is a laser-induced
transition of a system from an initial electronic state to a
final electronic state with opposite spin direction (as shown in
Fig. 1). The transition happens in two steps: an excitation from
the initial state to an electronically higher-lying spin-mixed
intermediate state, followed by a deexcitation from the inter-
mediate state to the final state. Although this is a two-photon
process, it often proves to be considerably faster than a direct
process (if the latter one is forbidden, as is the case with the
spin-flip processes, since it would necessitate the much slower
magnetic-dipole transitions). The initial and the final states are
usually (quasi)degenerate and therefore an external magnetic
field is necessary both to differentiate them and to set the
magnetization axis. The spin-mixing of the intermediate state
is, in our case, due to spin-orbit coupling (SOC).

Generally, the intermediate C states are quantum superpo-
sitions of the Sz = 1 and Sz = −1 substates of triplet states
with 〈C|Ŝz|C〉 ≈ 0 (a condition required by the optical selec-
tion rules for the case of the electric-dipole approximation
[49,52,53]), often also combined with singlet states (note
that in the case of electrons, SOC can mix singlets with
triplet states through the Ŝz operator). Pure-spin states can
also function as intermediate states in the case of spin-transfer
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FIG. 1. The � process. The electronic states |A↓〉 and |B↑〉 are
the two (quasi)degenerate states with opposite spin directions. ↓ and
↑ denote spin-down and spin-up states, respectively. State |C〉 is
energetically far away from |A↓〉 and |B↑〉, and optically addressable
from both of them. An external static magnetic field B induces a
Zeeman splitting between |A↓〉 and |B↑〉. A suitably tailored laser
pulse excites the system from state |A↓〉 to an intermediate spin-
mixed state |C〉 and then deexcites it to state |B↑〉.

processes. Numerous such � processes have already been
studied on surfaces [50], clusters [54], and endohedral carbon
fullerenes [30].

On top of the many-body states obtained by SAC-CI calcu-
lations, the SOC and a static magnetic field (Zeeman splitting)
are perturbatively added. The corresponding Hamiltonian is

ĤSOC =
n∑

i=1

Zeff
a

2c2R3
i

L̂ · Ŝ +
n∑

i=1

μLL̂ · Bstat +
n∑

i=1

μSŜ · Bstat,

(3)

where Ŝ and L̂ are the spin and the orbital angular momentum
operators, respectively. μL and μS are their respective gyro-
magnetic ratios. Zeff

a denotes the relativistic effective nuclear
charges which account for the two-electron contributions to
the SOC. Bstat is the static external magnetic field, and c
denotes the speed of light.

To describe the spin-dynamics process on [Co&B40]−,
the well-selected many-body states are propagated in time
under the influence of a sech2-shaped laser pulse. The time-
dependent Hamiltonian reads

Ĥ ′(t ) = D̂ · Elaser (t ) + μSŜ · Blaser (t ) + μLL̂ · Blaser (t ), (4)

where Elaser(t) and Blaser(t) are the electric and magnetic
fields of the laser pulse, respectively, and D̂ is the electric-
dipole-transition operator. The propagation of the of many-
body wave functions is described by the coupled differential
equations

∂cn(t )

∂t
= − i

h̄

∑
k

〈�n|Ĥ ′(t )|�k〉ck (t )e− i(Ek −En )t
h̄ , (5)

where |�n〉 and |�k〉 are the unperturbed eigenstates of ĤSOC,
cn is the complex scalar coefficient of the nth in the wave func-
tion �(t ) = ∑

n cn(t )e−iEnt/h̄|�n〉. En and Ek are the energies
of the nth and kth states, respectively. h̄ is the reduced Planck’s
constant.

The parameters of the laser pulses are optimized with a
specially developed, largely flexible genetic algorithm [55].
The quality of each spin manipulation process is given by its
fidelity, defined as the projection of the actual final state after

FIG. 2. Optimized B40 structure. The top panels show the top and
front view of B40. The blue arrows show the direction of the applied
strain. The hexagon and heptagon on the surface of B40 are shown
by green dotted lines. The bottom panels show the bent hexagon and
heptagon structure. The dihedral angles α1, α2, β1, and β2 are shown
as well.

the pulse on the desired state. In our case, since our desired
states are always pure states, the fidelity is simply given by
the final population of the desired state.

III. RESULTS AND DISCUSSION

A. Structural optimization and mechanical properties of B40

The optimization of the pure B40 is performed first. The
DFT calculations, which can converge more easily than the
HF ones, are done with the 6-311+G* basis set at the PBE0
level (the same as what Zhai et al. used [34]). Since our
subsequent investigations on the spin-dynamics on the Co-
doped B40 are based on post-HF methods, the HF calculations
are also performed for comparison with two basis sets: STO-
3G and 6-311G. All optimization calculations of the pure B40

cage converge to a similar geometry, which belongs to the
D2d point group (Fig. 2, top panel). The average B-B bond
lengths calculated with the HF method and the 6-311G and
STO-3G basis sets are 1.702 Å and 1.669 Å, respectively,
while the DFT calculation delivers a value of 1.684 Å. In all
calculations the heptagons and hexagons on the surface of B40

are slightly distorted, which is consistent with Zhai’s results.
The dihedral angles on the distorted hexagons and heptagons
are shown in Table I and Fig. 2. The differences resulting from
the two methods and the three basis sets range between 0.036◦
and 2.253◦, and can be thus considered negligible. All detailed
geometries are given in the Supplemental Material [56].

To investigate the elastic properties of B40, external strain
is applied statically along two typical directions: through the
centers of two antipodal hexagons (6-6 direction) and through
the centers of two antipodal heptagons (7-7 direction), which
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TABLE I. Geometric parameters of optimized B40 structure.
Bond length denotes the average value of B-B bond length. α1, α2,
β1, and β2 denote the dihedral angles on the distorted hexagons and
heptagons on the surface of B40, which is shown in the bottom panel
of Fig. 2.

Bond Dihedral angle

Method Basis set length (Å) α1 (◦) α2 (◦) β1 (◦) β2 (◦)

PBE0 6-311+G* 1.684 157.751 153.502 151.467 147.746
HF 6-311G 1.702 159.955 155.755 150.797 148.351

STO-3G 1.669 159.339 153.466 149.895 147.654

are shown by the blue arrows in the top panel of Fig. 2.
The strain is increased in steps of 0.5% until the geometry
of B40 collapses (the strain percentage refers to the change
of the cage diameter along the strain axis, with respect to
the undeformed system which is 5.575 Å). To compare to
Zhai’s work, here we show our results calculated with PBE0
and 6-311+G*. According to our calculations, the external
strain along the 7-7 direction lowers the symmetry of the
system to C2v, while the strain applied along the 6-6 direc-
tion preserves the original D2d symmetry. In addition, our
results show that the maximal tensile and compressive strain
along the 6-6 direction before material failure is 26.0% and
−18.5%, respectively. As material failure we define the point
at which the geometry of the system collapses to a visibly non-
fullerene-like nanocluster. While for the deformation along
the 7-7 direction, the maximal tensile and compressive strain
is 17.0% and −15.0%, respectively. Note that the maximal
strain calculated with the HF method (≈10.25%) is less than
the DFT counterpart. The large ultimate strain of the pristine
B40, which corresponds to a maximum displacement of almost
1.45 Å, indicates its capacity to encapsulate or attach a large
metal atom.

FIG. 3. The potential energy curve of B40 during (a), (c) uniaxial
tensile and (b), (d) uniaxial compression processes. 6-6 and 7-7
denote the strain direction (along the centers of two hexagons and
the centers of two heptagons, respectively). The red dots denote the
DFT result. The black curve is the fitted result of Eq. (6)

TABLE II. Fitting result of Young’s modulus E and nonlinear
elastic constant D for both stretching and compression process.

Distortion E (Nm−2) D (Nm−3) R2

6-6 tensile 26942.017 −21717.274 0.99976
6-6 compressive 23777.764 64152.702 1.00000
7-7 tensile 27387.585 −16449.250 0.99996
7-7 compressive 26418.902 63362.663 0.99998

The relation between strain and total energy of the system
is found by the near-equilibrium PECs, as shown in Fig. 3. The
parameter �Etot denotes the energy difference between the
distorted and the equilibrium configurations (here we take the
total energy of the equilibrium configuration as a reference).
The overall elastic constants of the system are derived by
fitting the PECs of Fig. 3 with the equation

�Etot = 1
2 Eε2 + 1

3 Dε3, (6)

where ε denotes the strain magnitude. E and D are the linear
Young’s and the nonlinear elastic moduli, respectively. The fit-
ting results are shown in Table II. All correlation coefficients
R2 surpass the value of 0.999. Specifically, the correlation co-
efficient for compression along the 6-6 direction even equals
to 1 up to the fifth decimal digit, which strongly verifies the
extremely high accuracy of the fitting. It also demonstrates
that the uniaxial tension and compression on B40 are both
nonlinear mechanical processes. Furthermore, a glance at the
different values of E and D along the two directions reveals
that the pristine B40 exhibits high elastic anisotropy, which
mainly results from the specific D2h symmetry of B40.

B. Structural optimization and spin dynamics of [Co&B40]−

We start from the stable structure of B40 and we embed a
magnetic atom Co into the boron cage and then investigate
the spin-dynamics properties of the whole magnetic metallo-
fullerene system. We altogether construct 12 different initial
configurations. Each configuration is geometrically fully re-
laxed at the ROHF level to obtain the equilibrium structure. In
addition, three different ionization states (−1, 0, and +1) are
also considered. Two distinct basis sets are chosen for the Co
and B atoms: the Los Alamos basis set with relativistic effec-
tive core potentials (LANL2dz with ECP) is used for cobalt
and STO-3G is used for boron, respectively. The combination
of the SAC-CI method and the specific basis sets (LANL2dz
ECP and STO-3G) has already been successfully used in
our previous investigations on endohedral metallofullerene
systems [30,57–59]. Finally, the optimization converges to
the anionic molecule and yields three stable structures with
Co sitting in three different positions (Fig. 4): (i) near the
center of a heptagon (Hep-type), (ii) near the center of a
hexagon (Hex-type), and (iii) near the center of the boron
cage (C-type). Remarkably, The total energies of the three
structures from the most to the least stable are: Hex-type
(−30418.127 eV), C-type (−30416.522 eV), and Hep-
type (−30414.937 eV). However, the boron cages of the Hex-
type and C-type structures are so strongly deformed (shown in
Fig. 4), that they cannot be regarded as a boron fullerenes any
more. Therefore, we do not consider these two structures in
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FIG. 4. Optimized [Co&B40]− structures. (a) Hep-type struc-
ture optimized with LANL2dz ECP for Co and 6-311G for B.
(b) Hep-type, (c) C-type, and (d) Hex-type structures optimized with
LANL2dz ECP for Co and STO-3G for B. Both front view and top
view are shown. Pink balls are used to represent the boron atoms and
a purple ball represents the cobalt atom. The green arrow shown in
(a) indicates the direction of the external static magnetic field.

our subsequent investigations. As for the Hep-type structure,
the Co atom is relaxed to a position near the center of a
heptagon on the surface of B40 and slightly outside the boron
cage, thus forming a exohedral metallofullerene [Co&B40]−.
This geometry is quite similar to the reported optimized
Mg-doped B40 molecule [42]. The distance between the Co
atom and the center of the heptagon is about 0.499 Å. The
boron cage undergoes a modest distortion and its symmetry
is reduced from D2d for the pristine B40 to Cs for the endo-
fullerene.

To investigate the spin dynamics, first the spin density
distribution of [Co&B40]− is examined. To render the SAC-CI
calculation manageable, a typical active window consisting
of 161 molecular orbitals (MOs) is chosen (out of a total of
224 MOs), which is large enough to account for the d ↔d
transitions of the Co atom. We find that the greatest part of
the spin density of the energetically lowest triplet state (i.e.,
the first excited state) is localized on the Co atom with the
value of 0.854 (the magnitude of the total spin density is
2.000), while the rest of spin density is almost equidistributed
among all boron atoms, each one carrying only a very small
portion of the spin density. In this respect, a global spin-flip is
practically equivalent to a localized spin-switching process.
When including SOC and an external static magnetic field
[the magnitude is set to 2.35 T and the direction is denoted
by the green arrow in Fig. 4(a)], the spin-up and spin-down
substates of the first excited state, which is the lowest triplet
state, are split with an energy difference of 1.032 meV. This
satisfies the energy requirements for achieving a � process
since it is large enough to make the two states distinguishable
and in the meantime prolongs the lifetime of the energetically
higher state by suppressing the direct relaxation processes
between them [60]. Therefore, these two states are chosen
as the initial and final states for a spin-switching process. It
is noteworthy that the spin density of Co of the Hex-type
and the C-type structures is 0.310 and 0.355, respectively
(detailed information is shown in Table S8 of Supplemental
Material [56]). The low spin density on the Co atom does not

TABLE III. Optimized parameters of the laser pulse for each
spin-switching process. θ and ϕ denote the angles of incidence in
spherical coordinates and γ is the angle between the polarization
of the light and the optical. The last column refers to the basis set
used for B. For Co the LAND2dz basis set is used throughout this
work.

strain fidelity θ (◦) ϕ (◦) γ (◦) Energy (eV) basis set

0.0 0.965 187 135 177 0.712 6-311G
−1.0% 0.977 27 116 346 2.481 STO-3G
−0.5% 0.992 54 130 142 2.513 STO-3G
0.0 0.977 5 273 168 2.541 STO-3G
0.5% 0.998 61 89 159 2.433 STO-3G
1.0% 0.996 162 21 126 2.386 STO-3G

fulfill our demand for achieving a local spin-switching process
(by “local” we mean on the metal atom). This is one more
reason why we only consider the Hep-type structure for the
subsequent investigations.

Before studying the spin-dynamics, we also perform the
same calculations with a larger basis set (6-311G for B atoms
and LANL2dz ECP for Co atom) to ensure the validity of the
results based on the smaller basis set. After the full geomet-
rical relaxation at the ROHF level, only one stable cage-like
structure remains, again with the Co atom sitting outside the
boron cage, near the center of the heptagon (Hep-type), shown
in Fig. 4(a). This structure is geometrically similar to the
aforementioned Hep-type structure optimized with the smaller
basis set (STO-3G). However, the distance between the Co
atom and the center of the heptagon (1.364 Å) is larger than
the previous value (0.499 Å). The symmetry of the cage is
reduced from the D2d point group for the pristine B40 to the
C1 group for the Co-embedded cluster. The SAC-CI active
window comprises 312 MOs out of a total of 544 MOs. The
spin density of the triplet ground state is highly localized on
the Co atom with an absolute value of 0.842 (the total spin
density is 2.000), which once more is almost identical with
the STO-3G results.

After the optimization of the laser pulse parameters (used
for the spin-dynamics scenarios) with our genetic algorithm,
we find successful laser-induced spin-switching processes on
the aforementioned two Hep-type structures. The parameters
of the laser pulses are given in Table III. The fidelity of each
spin-switching process is larger than 95.00%. Figure 5 shows
the time evolution of the population of each electronic state
involved in the spin-switching process, as well as the spin
components along the x, y, and z directions. Notably, in the
illustrations of time evolution of population, only the initial
and final states have consistent color (black and red), while
the intermediate states are simply colored differently to make
them more distinguishable from the initial and final states (the
reason is that the number of the intermediate states differs
from case to case). The beginning of the spin-switching pro-
cess is identified by the breakdown of the initial steady state,
while the switching process is considered completed when the
population of the electronic states becomes steady again (no
relaxation is taken into account since we are working within
the coherent regime).
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FIG. 5. Local spin-switching process achieved on Hep-type
[Co&B40]−. (a) and (b) denote the spin switching scenario on the
structure optimized with LANL2dz for Co and STO-3G for B, (c) and
(d) denote the spin switching scenario on the structure optimized
with LANL2dz for Co and 6-311G for B. (a) and (c) are time
evolution of electronic population of the initial (dashed black line),
final (solid red line), and intermediate states [dash-dotted line in other
colors, for example, the green and blue lines shown in (c) denote two
highly populated intermediate states]. |Co↓〉 and |Co↑〉 denotes the
spin-down (initial) and spin-up (final) states with the spin density
highly localized on the Co atom. (b) and (d) are the time-resolved
expectation values of the spin components.

As shown in Figs. 5(a) and 5(b), the spin-switching process
completes within about 500 fs on the Hep-type [Co&B40]−
optimized with LANL2dz and STO-3G basis sets. Note that
there is only one intermediate state involved in the process
with energy 2.422 eV higher than the initial state. Considering
that the initial and final states are quasidegenerate, this spin-
switching process can be regarded as a perfect � process. The
intermediate state temporarily attains a maximum population
of mere 0.066, although its presence is indispensable. This
blocking effect has already been reported in other molecular
magnets [61]. The intermediate state mainly consists of virtual
excitation from the occupied 97th MO to the unoccupied
112th and 114th MOs with coefficients 0.436 and 0.317, re-
spectively. These are the dK coefficients in Eq. (2). In contrast,
the initial and final states mainly contain a virtual excitation
from the occupied 109th MO to the unoccupied 110th MO
[highest occupied molecular orbital and lowest unoccupied
molecular orbital (HOMO and LUMO)] with a coefficient of
−0.707. Since the correlational content (expressed through
the respective virtual excitations) is different for the initial and

the final states, the overlap between the intermediate and the
initial states is not very strong, a fact which, in turn, leads to
the weak transient population of the intermediate state. The
spin-switching processes on the Hep-type [Co&B40]− opti-
mized with 6-311G and LANL2dz basis set complete within
1 ps and are illustrated in Figs. 5(c) and 5(d), respectively.
The longer time can be attributed to the involvement of more
intermediate states (ten states in total). Three of them attain
comparably higher populations than the aforementioned spin
switching scenario, with maximal values 48.8%, 23.0%, and
37.8%, respectively. The energy differences between these
three intermediate states and the initial state are 0.782, 0.783,
and 0.784 eV, respectively. A detailed analysis shows that
they stem from the same triplet state which mainly contains
the virtual excitations from the occupied 74th and 90th MOs
to the unoccupied 148th, 150th, 165th, and 167th MOs. The
same four unoccupied MOs also contribute to the dominant
virtual excitations of the initial and the final states. Therefore,
the large overlap between the initial and the intermediate
states explains the high transient population of the three
intermediate states during the process. In addition, the strong
competition between the final and the intermediate states is
also at the origin of the lower spin switching speed. Note that
the four unoccupied orbitals (148th, 150th, 165th, and 167th)
are mainly composed of d-character atomic orbitals orbitals
with coefficients 0.278, 0.234, 0.489, and 0.351, respectively
(once again a manifestation that the spin-switching process is
highly localized on the Co atom).

C. Structural optimization and spin dynamics
of deformed [Co&B40]−

To investigate the strain effect on the spin-dynamics fea-
tures of the Hep-type [Co&B40]− system, we additionally
apply both tensile and compressive strains on the system with
a magnitude of 0.5% and 1.0% (Fig. 6). As mentioned pre-
viously, the maximum strain on the pure B40 structure before
material failure sets in is much larger along the 6-6 than along
the 7-7 direction. Therefore, the uniaxial strain is applied
along the 6-6 direction. The optimization calculations are
performed again to obtain the most stable distorted geometric
structure (with the constraint of keeping the positions of the B
atoms, on which the strain is applied, fixed). We find that the
changes of the bond angle and the dihedral angle between two
adjacent multimembered rings mainly dominate the geometric
distortion on the Hep-type [Co&B40]−, while the length of
the B-B bond remains almost unchanged. The Co atom is still
located near the center of heptagon at a distance of around
0.499 Å. In addition, the symmetry of the boron cage is low-
ered from D2d to Cs, which is consistent with the symmetry
reduction of the pristine B40. For comparison, the total energy
and the HOMO-LUMO energy gap for the equilibrium and
distorted structures are listed in Table IV. As expected, the
external strain can slightly break the geometric stability of
Hep-type [Co&B40]− since the total energy increases with in-
creasing tensile or compressive strain. Regarding the HOMO-
LUMO energy difference, it is interesting that increasing the
tensile strain results in the opening of the energy gap while
increasing the compressive strain does the opposite. In other
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FIG. 6. Distorted structure of Hep-type [Co&B40]−. (a) the ori-
entation of applied uniaxial strain on [Co&B40]−. The highlighted
four atoms are the boron atoms on which the strain is applied. The
blue arrows denote the direction of the uniaxial strain. The green
arrows denote the direction of the external static magnetic field.
(b) The optimized distorted structure of [Co&B40]−. The applied
strain shown in the panels from left to right is −1.0%, −0.5%, 0.5%,
and 1.0%, respectively.

words, the local spin-switching is asymmetric with respect to
tensile and compressive stress.

Similarly as in the undistorted structure, we calculate the
spin density distribution of each excited state for the distorted
structures. For the lowest triplet ground state (i.e., the first
excited state), the spin density is always highly localized on
the Co atom for each distorted structure, which means that nei-
ther tensile nor compressive strain can induce significant spin
redistribution in [Co&B40]−. The absolute values of the spin
density on the Co atom with strain varying from −1.0% to
1.0% are 0.902, 0.905, 0.854, 0.894, and 0.899, respectively.
The detailed analysis of the SAC-CI results reveals that this is
mainly due to the invariance of the dominant virtual excitation
(from HOMO to LUMO) of the lowest triplet state.

TABLE IV. The total energy (Etot) and HOMO-LUMO energy
gap (�EHOMO-LUMO) of equilibrium and distorted structures of Hep-
type [Co&B40]−.

Strain Etot (eV) �EHOMO-LUMO (eV)

−1.0% −30414.923 5.777
−0.5% −30414.934 5.772
0.0 −30414.937 5.769
0.5% −30414.934 5.767
1.0% −30414.923 5.762

FIG. 7. Time evolution of electronic population of the ini-
tial (dashed black line), final (solid red line), and intermediate
states (dash-dotted line in other colors) with the uniaxial strain of
(a) −1.0%, (b) −0.5%, (c) 0.0, (d) 0.5%, and (e) 1.0% during
the local spin-switching process at the Co atom of the exohedral
Hep-type fullerene [Co&B40]− (cf. Fig. 6). |Co↓〉 and |Co↑〉 denotes
the spin-down (initial) and spin-up (final) states with the spin density
highly localized on the Co atom.

D. Strain modulation of spin dynamics on [Co&B40]−

According to our calculations, the laser-induced ultrafast
spin-switching process can be achieved on both the stretched
and the compressed Hep-type [Co&B40]− systems. The ap-
plied uniaxial strain can significantly modify the duration and
alter the intermediate states of the spin-switching process.
Remarkably, Kirilyuk et al. also demonstrated that the perma-
nent magnetization reversal can be modulated by the resonant
excitation of anharmonic (out-of-plane) phonon modes in a
garnet film [62]. It is quite similar to our system where we
have the boron cage as sphere surface with uniaxial strain
applied perpendicularly to it. Figures 7 and 8 illustrate the
time evolution of the population of the involved electronic
states and the expectation values of the spin components on
all the distorted structures [for comparison the spin-switching
scenario on the equilibrium structure is repeated in Figs. 7(c)
and 8(c)]. The calculated oscillator strengths of the five struc-
tures are shown in Fig. 9, from which we can quantitatively
estimate the coupling between the initial and other many-body
states. The optimized laser parameters of each spin-switching
scenario are listed in Table III. Inspection of the coefficients of
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FIG. 8. Time-resolved expectation values of the spin components
with the uniaxial strain of (a) −1.0%, (b) −0.5%, (c) 0.0, (d) 0.5%,
and (e) 1.0%, respectively, during the local spin-switching process
at the Co atom of the exohedral Hep-type fullerene [Co&B40]− (cf.
Fig. 6).

all the virtual excitations for different tensile and compressive
strains reveals that the virtual charge-transfer excitations (i.e.,
dynamical correlations) gain weight as the strain becomes
stronger. This results in a slight spin redistribution which,
in turn, has a dramatic effect upon the laser-induced spin
dynamics. Therefore, the speed and efficiency of the spin-
switching process on Hep-type [Co&B40]− can be manipu-
lated by applied uniaxial strain. Furthermore, by comparing
the population transfer shown in Fig. 7, we find that the
tensile and compressive strains induce different modification
scenarios on the spin-switching process.

For the tensile distortion, the increasing tensile strain along
the 6-6 direction slows down the spin-switching process on
Hep-type [Co&B40]−. It takes around 600 and 800 fs for
the spin-switching process to finish under the tensile strain
of magnitude 0.5% and 1.0%, respectively (recall that the
time needed to complete spin switching on the equilibrium
structure is 500 fs). For 0.5% tensile strain, there is only
one intermediate state involved in the spin-switching pro-
cess (2.311 eV above the initial state). Similar to the spin-
switching scenario of the equilibrium structure, the interme-
diate state gets only weakly populated. This state mainly
contains a virtual excitation from the occupied 97th MO
to the unoccupied 112th and 114th MOs with coefficients
−0.443 and 0.287, respectively. It should be noted that the

FIG. 9. The calculated electronic optical absorption spectra of
the exohedral Hep-type fullerene [Co&B40]− at the SAC-CI level
(see text). The abscissa denotes the energy difference between initial
state and other many-body spin states. The ordinate denotes the
oscillator strength. (a)–(e) denote the spectrum of structures with
−1.0%, −0.5%, 0.0, 0.5%, and 1.0% strain, respectively (cf. Fig. 6).
The dashed line serves as a guide to the eye and indicates the energy
of the strongest absorption peak without any strain at 1.20 eV (see
text).

same virtual excitations also dominate the intermediate state
of the switching process on the equilibrium structure. The
initial and final states of the 0.5%-strain structure also mainly
contain the virtual excitation from HOMO to LUMO with
coefficient −0.654. Therefore, the similar initial, final, and in-
termediate states between the 0.5%-strain and the equilibrium
structure ultimately lead to two very similar spin switching
scenarios.

Regarding the structure under 1.0% tensile strain, there
are, in total, seven intermediate states with relative energy
0.001, 2.164 (three degenerate triplet states), and 2.305 eV
(three degenerate triplet states), respectively. Contrary to
the weakly populated intermediate state on the 0.5%-strain
structure, the maximum population of the intermediate states
reaches 52.2%. Here, the dominant virtual excitations of
the highest populated intermediate state and the initial state
involve the same unoccupied MO (LUMO). This leads to the
large overlap between the initial and intermediate states, and
strong competition between the intermediate and final states
as well, which finally results in the larger population of the
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intermediate state and the longer duration of the spin-
switching process. Understandably, these correlations vari-
ations for the different distorted structures also result into
shifting of the peaks of their absorption spectra (Fig. 9), e.g.,
the shifting of the peak at 1.200 eV (indicated in Fig. 9 with a
dashed line) which is significantly stronger for compressive
0.5% (1.310 eV) than for tensile 0.5% strain (1.240 eV).
Interestingly, for weaker strains the peak gets blue-shifted
for both strain directions, while for stronger strains the peak
frequency increases for compressive strain (shift from 1.200
to 1.390 eV) and decreases for tensile strain (shift from 1.200
to 1.170 eV). The same effect can be observed for the peak at
1.470 eV.

As it turns out, the situation is different for the Hep-type
[Co&B40]− under compressive strain. It takes about 600 fs
to complete the spin-switching process under 1.0% strain,
which is, as expected, slower than the switching process
without strain. Nevertheless, 0.5% compressive strain results
in a faster switching process that completes within 350 fs.
This is also the fastest spin-switching process among all the
scenarios on the Hep-type [Co&B40]− system. As shown in
Fig. 7(b), the spin-switching process under 0.5% compressive
strain involves four intermediate states. The energy differ-
ences between the four intermediate states and the initial
state are 0.001 and 2.422 eV (there are three degenerate
triplet states), respectively. The higher-energy intermediate
states have similar electronic configuration to that of the
equilibrium structure, and thus we attribute the higher spin-
switching speed to the involvement of the energetically lower
intermediate state. Blocking this state significantly suppresses
the whole process, an effect which we regard as an extension
of the blocking effect mentioned in the previous subsection.

With respect to the compressive strain with magnitude of
1.0%, similar to the switching process under 1.0% tensile
strain, seven intermediate states are involved with 0.001 eV,
2.257 eV (three degenerate triplet states), and 2.422 eV (three
degenerate triplet states) higher in energy than the initial
state. However, the maximum population of these interme-
diate states only reaches 6.2%. This is mainly because in
this distorted structure, the dominant virtual excitations of
the largest populated intermediate states (from the 106th MO
to the 115th MO and from the 97th MO to the 112th MO
with amplitudes 0.531 and 0.385, respectively) are different
from the initial state (from HOMO to LUMO with amplitude
of 0.661). But at the same time, there are several virtual
excitations including the HOMO and LUMO with amplitudes
−0.179, −0.121, −0.111, −0.109, and 0.116, guaranteeing
the appreciable overlap between the initial and the intermedi-
ate states. It ultimately leads to the competition between the
final and the intermediate states and thus renders the whole
switching process slower.

Summarizing the dynamic results for the various strains,
probably the most striking difference in the spin-switching
behavior is the number of (quasi-)Rabi cycles needed (Fig. 7).
Without strain two cycles are needed. 0.5% compression
reduces this number to only one cycle [Fig. 7(b)], while the
same amount of extension necessitates four cycles [Fig. 7(d)].
This can be attributed to the fact that the external strain
changes the dipole moment between the intermediate and
final states, which, in turn, results in different frequency

FIG. 10. Time evolution of electronic population of the initial
(dashed black line), final (solid red line), and intermediate states
(dash-dotted line in other colors) driven by the laser pulse which
is optimized for −0.5% strain. The uniaxial strain applied here is
(a) −1.0%, (b) −0.5%, (c) 0.0, (d) 0.5%, and (e) 1.0%, respectively.
|Co↓〉 and |Co↑〉 denote the spin-down (initial) and spin-up (final)
states with the spin density highly localized on the Co atom.

of the quasi-Rabi oscillation. For stronger strains, more
intermediate states are involved in the spin-switching pro-
cesses, and the interaction among these states tends to become
more complicated. Therefore, the difference becomes even
more dramatic, with the compressive strain retaining a fairly
good resemblance to the unstrained case, while a tensile strain
leads the whole process towards a more chaotic-like behavior
[Figs. 7(a) and 7(e)].

In the aforementioned scenarios the laser pulse is reopti-
mized separately for each strain. Using the same laser param-
eters for all strains we see that the phonons can significantly
enhance this nonlinear process. In Fig. 10 the laser parameters
that were optimized for −0.5% strain [used in Figs. 7(b) and
8(b)], are also applied to our structure under different strains.
We see that with the exception of the unstrained geometry, for
which the fidelity still drops from more than 99% down to less
than 84%, the process is almost completely suppressed. Using
other laser parameters, it is possible to completely suppress
the spin dynamics at the zero-strain structure as well (shown in
Fig. S1 in the Supplemental Material [56]). Obviously, strain
can play an important role in the manipulation and control of
ultrafast laser-induced spin-dynamics processes.
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FIG. 11. Infrared (vibrational) spectrum of the Hep-type
[Co&B40]− cluster at the HF level [cf. Fig. 4(b)]. The thin line
includes an artificial Gaussian broadening of 23 cm−1 at half height,
solely for visualization purposes.

E. Molecular vibrations of [Co&B40]−

Besides external mechanical forces, strain can also be
spontaneously generated by molecular vibrations. To study
this we also look deeper into the geometric distortion, the
vibronic period, and the amplitude of each normal mode
and compare them with the 6-6 distorted structure. The in-
frared (vibrational) spectrum of the undistorted [Co&B40]−
structure is presented in Fig. 11. A detailed analysis of the
several normal modes reveals that the ones which most closely
resemble the geometry distortion due to the 6-6 uniaxial
strain are the modes with energies 197, 214, 240, 245, and
253 cm−1, which are shown in the zoomed panel in Fig. 11,
corresponding to vibronic periods of 170, 156, 139, 136, and
132 fs, respectively (the corresponding normal modes are
illustrated in the Supplemental Material [56]). The results are
comparable with the spin-dynamics processes achieved on
[Co&B40]−, which are also within the subpicosecond regime.
After obtaining the reduced mass and the frequency of each
normal mode from the classical frequency calculations, we
use those values to canonically quantize the modes within
the harmonic approximation (e.g., we treat them as quantum
harmonic oscillators), and calculate the vibrational ampli-
tude from the respective harmonic-oscillator wave functions
(following Shankar’s analysis, we consider the left-most and
the right-most maxima of the probability density of the first
excited state [63]). We find that the amplitude for the case
of exactly one phonon is about 0.033 Å, a dislocation which
equals 0.589% strain. This value, which of course becomes
higher for elevated temperatures and more phonons, nicely
matches the magnitude of the strain we applied in the spin-
dynamics calculations. The detailed calculation is shown in
the Supplemental Material [56].

For 300 K temperature, this value amounts to 0.14 Å
dislocation and is comparable to the ones reported by Zhang
et al. for C60 [64]. Obviously, due to the finiteness of our
molecular system (phonon/vibron confinement), the normal
modes also play an active role in the coherent regime of the
laser-induced magnetization dynamics (contrary to the much
slower phonons in extended systems, as discussed, e.g., by
Bigot et al. [65]). At room temperature, these normal modes
have a population around 0.03, and, as it turns out, they can

even assist the process further by providing additional chan-
nels which can act as phonon-dressed intermediate states, thus
speeding up the result while at the same time help avoid a sig-
nificant increase of the electronic temperature. Furthermore,
the tension-compression asymmetry (be it strain or phonon
induced) indicates a strong anharmonicity of the vibrational
modes of the system, which, if properly exploited, can give
rise to irreversible processes, needed for the initiation of any
logic computation [66] or one-way quantum computing [67].
The detailed results on the propagations including coherent
vibrational modes go beyond the scope of the current paper
and will be published elsewhere.

IV. CONCLUSION

In conclusion, the elastic properties of B40 and spin-
dynamics properties of [Co&B40]− are systematically inves-
tigated with ab initio calculations. The following conclusions
can be drawn in this paper.

(i) The pristine B40 exhibits strong ductility under both uni-
axial tension and compression. The magnitude of the ultimate
uniaxial distortion on B40 strongly depends on the direction
of the applied strain, indicating the mechanical anisotropy of
B40.

(ii) The spin density is highly localized on the Co atom
embedded in the exohedral fullerene [Co&B40]−, and the
laser-induced ultrafast spin-switching process can be achieved
on the [Co&B40]− system within 600 fs.

(iii) The spin-switching process propagated on [Co&B40]−
can be dramatically modulated by varying the magnitude of
the strain. Particularly, the tensile and compressive processes
can result in different modulation scenarios on the spin dy-
namics. The fastest spin-switching process takes place on the
structure under 0.5% compressive strain within 350 fs.

The investigations already demonstrated that magnetic
molecules and the straintronic mechanism hold great
promise for realizing the basic elements of high-performance
nanoscale devices, such as transistors, memristors and gy-
rators [14–19,25,26]. Through our investigation, we go fur-
ther and combine a magnetic molecule, spin dynamics, and
straintronics to explore the strain-modulated spin-dynamics
processes. This extra step is expected to reveal the mechanism
of the strain-modulated ultrafast spin-dynamics properties of
exohedral fullerenes, and to establish the theoretical basis and
novel ideas for the design of functional spin devices based on
the exohedral fullerenes.
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