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Lattice vibration in solids may carry angular momentum. But unlike the intrinsic spin of electrons, the lattice
vibration is rarely rotational. To induce angular momentum, one needs to find a material that can accommodate
a twisted normal mode, two orthogonal modes, or excitation of magnons. If excitation is too strong, one may
exceed the Lindemann limit, so the material melts. Therefore these methods are not ideal. Here, we theoretically
propose a route to phonon angular momentum in a molecular crystal C60. We find that a single laser pulse is able
to inject a significant amount of angular momentum to C60, and the momentum transfer is helicity dependent.
Changing from right-circularly polarized light to left-circularly polarized light switches the direction of phonon
angular momentum. On the ultrafast timescale, the orbital angular momentum change closely resembles the
displacive excitation of coherent phonons, with a cosine-function dependence on time, different from the spin
counterpart. Atomic displacements, even under strong laser excitation, remain far below the Lindemann criterion.
Under thermal excitation, spinning C60 even at room temperature generates a huge angular momentum close to
several hundred h̄. Our finding opens the door to a large group of fullerenes, from C60, C70 to their endohedral
derivatives, where angular momentum can be generated through light or temperature. This paves the way to the
phononic control electronic spin and harvesting thermal energy through phonon angular momentum.
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Nuclear vibration is ubiquitous and important to biological,
chemical, and physical processes, ranging from photosynthe-
sis [1], photoisomerization [2], to spin manipulation [3–5].
Microscopically, each material has its own vibrational normal
modes. However, due to the symmetry constraint [6], normal
modes rarely have a rotational eigenvector, so the phonon
angular momentum (PAM) is feeble. The concept of phonon
spin is not new [7,8], and reemerged [9]. McLellan [10] in-
vestigated PAM in a rotationally invariant harmonic model.
Interest in PAM is more recent [9,11–14]. It was shown that
one may use an electric field [15] or temperature gradient
[16] to control PAM. By coupling PAM to the electronic
spin degrees of freedom, one can use PAM to control spin
devices [17]. However, the main obstacle is how to generate
PAM in the first place. It was predicted that one could in-
troduce chiral phonons in monolayer molybdenum disulfide
[18], but the real calculation [19] showed that the effect is
tiny in transition metal dichalcogenides. The same thing is
true for Pt3 and Pt5 [20], where the majority of vibrational
modes has nearly zero angular momentum, with the maximum
close to 0.094(h̄/2). Experimentally, it was demonstrated that
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one could construct a superimposed vibrational state which
consists of two orthogonal vibrational modes to generate an
artificial circular phonon mode [21]. One may also couple the
phonon to magnons in a magnetic material [22–25] to induce
spin angular momentum of phonons, but one must first have
magnons. In general, these methods are not easy.

Molecular crystals are different. The weak bonding be-
tween neighboring sites render atom motifs rotating freely.
Buckministerfullerene C60 [26] is a prime example. At room
temperature, C60 is spinning rapidly [27–29] around its equi-
librium lattice positions. Spinning is temperature dependent.
As the temperature cools down below 261 K, the rotation
slows down, where 13C NMR spectra of solid C60 show
a significant broadening at a chemical shift of 143 ppm
[27,30,31]. Its rotation can also be manipulated through sub-
strates [32,33], the tip of a scanning tunneling microscope
[34], and encapsulation inside carbon nanotubes [35]. C60

rotation also affects its energy spectrum [36] and vibrational
spectra [37]. C60 and C70 are not the only fullerenes that
spin. Endohedral fullerenes [38], with additional atoms encap-
sulated inside fullerenes, offer additional kinds of rotational
dynamics [39], with applications to organic photovoltaic de-
vices [40] and quantum computing [41]. Recently, possible
light-induced superconductivity was reported in K3C60 [42].
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It is conceivable that light can inject angular momentum into
K3C60. These readily available molecular crystals represent a
new frontier for phonon angular momentum investigation.

In this Letter, instead of relying on artificial rotational
motion of atoms to search for phonon angular momentum,
we start with a material that rotates in the first place at
room temperature. Specifically, we employ C60 as an exam-
ple, and we show that a laser pulse can induce a significant
orbital and spin angular momentum change. PAM depends
on the laser helicity. Circularly polarized light injects more
angular momentum into the system than linearly polarized
light. Changing from right- to left-circularly polarized light
switches angular momentum direction. The total angular mo-
mentum exactly follows the energy change, thus reaffirming
that it is physical. The orbital and spin angular momenta de-
pend on time differently. The orbital has a cosine dependence,
very similar to displacive excitation of coherent phonons
[43]. The lattice distortion of C60 is small even under strong
laser excitation, with the atom displacement far below the
Lindemann criterion [44]. The global rotation of C60 gen-
erates several hundred of h̄. Our finding here represents a
different direction for phonon angular momentum research,
and is expected to motivate experimental and theoretical
investigations.

We define the total angular momentum of C60 as

J =
∑

i

ji(t ) =
∑

i

ri(t ) × pi(t ), (1)

where pi(t ) is its momentum of atom i at time t and ri(t ) is
its position vector. The reason why we use J instead of L
will become clear below. Although we do not quantize the
atomic vibration formally here, we still use phonons below.
To find the initial coordinates {ri(0)} of carbon atoms in C60,
we use the spiral generation method proposed by Fowler and
Manolopoulos [45] for the topological problem of fullerenes.
Here, in brief, we first construct the adjacency matrix, and
diagonalize it. The three lowest eigenvectors correspond to
the x, y, and z coordinates of the carbon atoms, and then we
properly rescale them according to the radius of C60.

To optimize the geometry, we employ the Su-Schrieffer-
Heeger (SSH) model [46] often used in conjugated polymers,
where only π electrons are treated quantum mechanically, and
the nuclear motions are described by the classical potentials
[47] since the mass of carbon atoms is more than three or-
ders of magnitude larger than that of the electron. Recently,
the SSH model finds an important application in topological
insulators [48]. The Hamiltonian reads [49–51]

H0 = −
∑

〈i j〉,σ
ti j (c

†
i,σ c j,σ + H.c.) + K1

2

∑

〈i, j〉
(ri j − d0)2

+ K2

2

∑

i

δθ2
i,p + K3

2

∑

i

(
δθ2

i,h,1 + δθ2
i,h,2

)
, (2)

where c†
i,σ is the electron creation operator at site i with spin

σ (=↑↓) [52] and the summation 〈i j〉 over i( j) runs from 1
to 60 with i �= j. The first term on the right-hand side repre-
sents the electron hopping between nearest-neighbor atoms at
positions ri and r j , ti j = t0 − α(|ri − r j | − d0), where ri j =
|ri − r j |, t0 is the average hopping constant, and α is the
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FIG. 1. (a) C60 structure. The empty circles denote 60 carbon
atoms. The laser polarization (the vector) is in the xy plane (the front
pentagon) and controlled by the helicity ε. (b) Energy level scheme
for C60. The double arrow denotes the transition between the second
lowest unoccupied molecular orbital (LUMO + 1) and the highest
occupied molecular orbital (HOMO).

electron-lattice coupling constant. The last three terms are the
lattice stretching, pentagon-hexagon, and hexagon-hexagon
bending energies, respectively (see further details in [53]).
You et al. [54] parametrized the Hamiltonian by fitting the
energy gap, bond lengths, and 174 normal mode frequencies
to their respective experimental values. They found that t0 =
1.91 eV, α = 5.0 eV/Å, K1 = 42 eV/Å2, K2 = 8 eV/rad2,
K3 = 7 eV/rad2, and d0 = 1.5532 Å. These parameters are
consistent with the literature values [55–62]. With You’s six
parameters and with the electrons initially occupying 30 low-
est energy levels, we optimize the structure. Figure 1(a) shows
a two-dimensional structure of our optimized C60, where the
z axis is out of the page. The C60 molecule has the highest
Ih point symmetry. 60 carbon atoms form 90 bonds, 60 single
bonds around 12 pentagons, and 30 single bonds shared by
20 hexagons [see Fig. 1(a)]. Our double bond length is 1.403
Å, and the single bond length is 1.443 Å, both of which
indeed match the experimental values of 1.40 ± 0.015 Å and
1.45 ± 0.015 Å [63,64]. Figure 1(b) shows the energy spec-
trum with the degeneracy. The highest occupied molecular
orbital (HOMO) is a Hu state, while the lowest unoccupied
molecular orbital (LUMO) is a T1u state. The first dipole-
allowed transition is between HOMO and LUMO + 1, which
is highlighted by the double arrow. All these features are
fully consistent with the prior study [54]. The challenge is
to fit 174 normal mode frequencies [65] with only six pa-
rameters. We find that the calculated frequencies within our
theory slightly deviate from the experimental values [65]
within 3%. For instance, our breathing mode Ag(1) frequency
is 481 cm−1, while the experimental one is between 492
[28] and 496 [65] cm−1. Our pentagonal pinch mode Ag(2)’s
frequency is 1477 cm−1, while the experimental one is 1470
[28,65] cm−1. Here the error is 0.5%. Because our Hamil-
tonian does not include high-order terms [66], these small
differences are expected and do not affect our main conclu-
sion of the Letter. For this reason, we do not adjust those
parameters.

As seen above, there are varieties of ways to induce angular
momentum change. We perturb the system with an ultrafast
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laser pulse, whose interaction with C60 is described by

HI = −e
∑

iσ

E(t ) · ri niσ , (3)

where E(t ) is the electric field of the laser and niσ

is the electron number operator at site i. We choose a
Gaussian pulse for E(t ): E(t ) = A0 exp(−t2/τ 2)[cos(ωt )x̂ +
ε sin(ωt )ŷ]/

√
1 + ε2, where A0, ω, τ , t , ε, and τ are the

field amplitude, laser frequency, pulse duration or width, time,
helicity, and pulse duration, respectively. x̂ and ŷ are the unit
vectors along the x and y axes, respectively. We ensure that A0

is large enough, so the quantum effect of light is small and the
classical treatment of our laser field is adequate. We treat the
electrons quantum mechanically through the time-dependent
Liouville equation [51,52],

ih̄
∂〈ρσ

i j〉
∂t

= 〈[H, ρσ
i j]〉, (4)

where H = H0 + HI , and ρσ
i j is the density matrix. The lat-

tice vibrations are described by the Newtonian equation. This
classical treatment of nuclear motion is reasonable if the de
Broglie wavelength is smaller than the system size, but if
the de Broglie wavelength becomes comparable to the system
size, then our approach is less accurate. We solve the coupled
Liouville and Newtonian equations numerically.

We excite C60 with a 60-fs laser pulse with electric field
amplitude of 0.01 V/Å. The photon energy is 2.76 eV, which
is tuned to be resonant with the transition between HOMO
and LUMO + 1 [see Fig. 1(b)]. Figure 2(a) displays the to-
tal energy (thin line), lattice kinetic energy (thick line), and
lattice potential energy (thick dashed line) as a function of
time. The curve around zero denotes the laser pulse. Upon
laser excitation, energy enters the electronic system first. The
peak in the total energy is mainly due to the electron energy.
Through the electron-lattice interaction and laser excitation,
the lattice starts to vibrate. Most of the lattice energy is in the
potential energy, and the kinetic energy is very small. In the
figure, we multiply the kinetic energy by 100. Carbon atoms
move at a speed of 10−3–10−2 Å/fs, or 100–1000 m/s, very
typical for nuclear vibrations. The oscillation is due to the
energy exchange between the electron and lattice subsystems
(for details, see [53]). Since we want to check the energy
conservation as well as vibrational oscillations, we do not
dampen our system. We find that the oscillation has a period of
69.3 fs, which exactly matches the frequency of the breathing
mode Ag(1) [67,68]. Such a coherent phonon excitation has
been observed experimentally [67] and in other systems as
well [43]. The reason why this Ag(1) is excited strongly is
due to our chosen laser parameters [50,53]. Our interest is in
the lattice angular momentum. Figure 2(b) shows the lattice
angular momentum for three laser helicities (ε): right (σ+),
left (σ−), and linear (π ) pulses, with the polarization in the
xy plane [see Fig. 1(a)]. There is a general trend as to how
the angular momentum is transferred to the lattice. Upon laser
excitation, the flow of angular momentum to the lattice occurs
on the 100 fs timescale, which corresponds to the total energy
absorbed. Although each atom still vibrates and exchanges
its angular momentum with the rest of the atoms, the total
angular momentum must remain constant and is conserved in
the absence of an external field. This is rigorously reproduced
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FIG. 2. (a) Total energy change as a function of time under a
60-fs σ+ pulse. Here ε = 1. The laser field amplitude is 0.01 V/Å,
and the photon energy is h̄ω = 2.76 eV. Thin solid, thick solid, and
dashed lines denote the system total energy, lattice kinetic energy,
and potential energy, respectively. The lattice kinetic energy is mul-
tiplied by 100 to have an easy view. To demonstrate the energy
conservation, the system is not damped. The red thin line around 0 is
the laser electric field. The oscillation period in the lattice potential
is 69.3 fs, which exactly matches the frequency of the Raman-active
Ag(1) mode. (b) Total angular momentum J under σ+ (solid line),
σ− (dotted line), and π pulses (dashed line). Only the strongest
component of J is shown. Linearly polarized light transfers a small
angular momentum. The left- and right-circularly polarized light
transfer opposite angular momenta. All the pulses have the same
laser parameters as (a). (c), (d), and (e) show the final x, y, and z
components of J as a function of ellipticity ε.

in our calculation. The angular momentum shows a strong
dependence on ε. For σ−, the lattice angular momentum is
along the +z axis, while for σ+, it is along the −z axis.
The π pulse induces a much weaker angular momentum (see
the long-dashed line). This is expected because the angular
momentum of light is directly related to the helicity of light.
When it interacts with C60, the lattice angular momentum
has the hallmark of incident light. Figures 2(c)–2(e) show the
detailed change in Jx, Jy, and Jz as a function of helicity ε.
When ε = 0, the laser polarization is linear along the x axis.
One can see that only Jy differs from zero, because the atom
moves mainly along the x axis. Going from ε = 0 to 1, our
pulse changes from a linearly polarized pulse to elliptically,
and finally to a circularly polarized pulse. Both Jx and Jz

increase significantly as the atom also moves along the y axis.
Jz is negative as expected. When we change ε from 0 to −1,
we have a left elliptically to circularly polarized pulse, so Jz

flips its sign, fully consistent with our finding in Fig. 2(b).
What is unknown or less familiar is whether and how the

lattice angular momentum J can characterize a system. This is
an important conceptual question because angular momentum
is rarely used to characterize the dynamics of a system, except
in atoms and some simple structures. Prior studies [9,11–14]
are all based on this assumption. We compare J against the
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FIG. 3. (a) Absorbed energy �E as a function of laser field
amplitude A0. The photon energy and pulse duration are the same as
Fig. 2. (b) Total angular momentum as a function of laser field ampli-
tude A0, which matches the total energy change. This demonstrates
that J is physical. (c) The orbital Lz and spin Sz angular momenta
as a function of time. Sz is very small when h̄ω = 2.76 eV. In the
figure, it is multiplied by 10. (d) The orbital Lz and spin Sz angular
momenta as a function of time with h̄ω = 0.185 eV. Sz reaches a
comparable magnitude as Lz. The dependence of Sz on time follows a
sine function, while that of Lz follows a cosine function, very similar
to DECP [43].

absorbed energy �E into C60. When the laser photon energy
is off resonance, the energy change follows the perturbative
path and has a simple dependence on the laser field amplitude
A0 [69], so the agreement between the angular momentum J
and �E could be coincidental. The harder question is what
happens if the laser is on resonance. Figure 3(a) shows the
energy absorbed as a function of laser field amplitude where
the photon energy is tuned to the dipole-allowed transition
between the HOMO and LUMO + 1 states [Fig. 1(b)]. It is
clear that the dependence on A0 is highly nonlinear. When A0

is far below 0.005 V/Å, the change is linear, but as far as it
closes to 0.005 V/Å, it peaks, after which it starts to decrease.
Because resonant excitation activates multiple real electronic
excitation, this opens other channels and �E decreases. Once
A0 exceeds 0.01 V/Å, �E increases again, which is consistent
with our prior study [49]. Figure 3(b) is our angular momen-
tum. One can see that its change with A0 matches the absorbed
energy change, down to some minor details. This proves that J
is physical, and it represents the acquired angular momentum
from light.

It has been proposed that if one rewrites r(t ) as a sum
of the equilibrium position ri(0) and the displacement ui(t ),
ri(t ) = ri(0) + ui(t ), the angular momentum for atom i can
be separated into two terms:

ji(t ) = ri(0) × pi(t ) + ui(t ) × pi(t ) ≡ li(t ) + si(t ). (5)

li(t ) is called the orbital angular momentum of atom i, while
si(t ) is called the spin angular momentum [3,9,10,12] be-
cause si is independent of the initial position of an atom. By

separating orbital from spin angular momentum, we can
directly investigate the interplay between spin and orbital
angular momenta on an ultrafast timescale.

Figure 3(c) compares the spin angular momentum with
the orbital counterpart. We employ a 60-fs laser pulse with
h̄ω = 2.76 eV and A0 = 0.01 V/Å. We notice that the angular
moment mainly enters the orbital part. From Eq. (5), we see
that it is the momentum pi that is mainly responsible for
this increase. Sz is very small and magnified by 10 in the
figure. What is interesting is that the spin angular momen-
tum does not follow the laser pulse, very different from the
orbital angular momentum. The reason for this difference is
straightforward. Sz depends on both ui(t ) and pi. Although
the pulse peaks at 0 fs, the atom cannot follow instantaneously
and needs time to respond. The behavior of Lz is like a cosine
function, with its maximum at 0 fs, similar to displacive exci-
tation of coherent phonons (DECPs) [43]. But Sz is like a sine
function. The sum of Sz and Lz is Jz, which is constant after
the laser field is gone because the system does not have a way
to exchange angular momentum. This demonstrates that our
definition of angular momentum through Eq. (5) is physically
sound.

It has been a big challenge to induce phonon spin angular
momentum in real materials [19,21,22]. We can increase spin
angular momentum by tuning the laser photon energy to vibra-
tions directly [17]. We choose h̄ω = 0.185 eV, or 44.7 THz, to
be resonant with nuclear vibrations. The laser pulse duration is
also 60 fs and the field amplitude is increased to 0.15 V/Å. We
caution that our current treatment of nuclear vibration may not
be adequate to compute the infrared spectrum since we do not
include the nuclear dipole moment and the nuclear vibration
is not treated quantum mechanically. Figure 3(d) shows that
Sz reaches 0.5h̄. Under our laser field, the structure of C60

is well maintained, far below the Lindemann criterion [44]
for melting. This criterion has been a major obstacle for a
prior study [19], where the atomic displacements for BaO and
LiNbO3 can be as large as 0.1 Å. Therefore, an experimental
test is difficult.

The top figure of Fig. 4 shows atomic displacements pro-
jected on the xy plane for five atoms on the front pentagon.
The scales for the x and y axes are increased by 100 for an
easy view. One can see the displacement is well below the Lin-
demann criterion. This paves the way to experimental testing.
What is even more interesting is that besides these internal
rotations, under thermal excitation, the entire molecule spins
rapidly, although along arbitrary axes at room temperature.
The angular momentum is L = I
, where I is the moment
of inertia of C60 and 
 is the angular speed. Assuming C60

spins along the z axis through two pentagons (see Fig. 1), the
moment of inertia is Iz = m

∑60
i=1(x2

i + y2
i ), where m is the

mass of carbon atom and xi and yi are the coordinates of atom
i. Note that the moment of inertia is almost identical along
other axes because C60 is highly spherical. An early estimate
puts 
 between 1.5/ps and 2.8/ps [70]. According to the
latest theoretical estimate [29], its average angular frequency
is 0.34 rad/ps. Since our present study only contains one
single C60 and has no intermolecular interaction between sev-
eral fullerenes, we are unable to verify their average angular
frequency. Instead, we use their number and find |J| for C60 to
be 322h̄. This angular momentum is from the global rotation
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FIG. 4. Top: Traces of displacements of five carbon atoms on the
front pentagon in the earlier stage of laser excitation. The change
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(d) 300 K, where the solid, dotted, and long-dashed lines denote Sx ,
Sy, and Sz, respectively. Its magnitude becomes larger as temperature
increases.

of C60. Because our Hamiltonian in Eq. (2) only depends
on the distance between neighboring atoms, the rapid global
rotation of C60 does not enter our calculation directly and only
implicitly through the laser field polarization. However, due to
the high symmetry of C60, different polarizations yield almost
identical results. Therefore, the global rotation must be treated
separately in our formalism. To see the thermal effect of the
global rotation on the spin angular momentum, we set the
initial velocities of the carbon atoms to

√
kBT/m, where kB

is the Boltzmann constant and m is the carbon mass. We allow

a random distribution of the initial velocity directions. We use
four temperatures, T = 0, 10, 150, and 300 K.

The results are shown in the bottom figures of Fig. 4.
Figure 4(a) is our result with 0 K, but with a small laser field
amplitude of 0.01 V/Å. The solid, dotted, and long-dashed
lines denote Sx, Sy, and Sz, respectively, and are the same
for the rest of the figures. We see that only Sz has a sizable
value. But as we increase temperature to 10 K, we find that
all the other components are increased to 0.5h̄. The ampli-
tude is comparable among all three components. At 150 K,
the spin increases to 5h̄. At room temperature of 300 K,
Fig. 4(d) shows the spin angular momentum increases to 10h̄.
We also check whether our initial configuration of velocity
direction affects our results. Among all the configurations we
investigate, we do not see any qualitative difference. They
should be observable experimentally. Spinning C60 could be
a natural phonon angular momentum generator. As a large
group of other fullerenes are available and even its endohedral
forms already exist, such as N@C60 and P@C60, our finding
opens a route to phonon angular momentum. The future study
should focus on how to harvest such a huge momentum for
technological applications.

In conclusion, we have proposed a route to gener-
ate phonon orbital and spin angular momenta from C60,
without resorting to more complicated synthetic methods
[18,19,21,22]. We show that a single laser pulse can trans-
fer a significant amount of angular momentum to C60. The
phonon angular momentum that C60 receives shows a strong
dependence on laser helicity. The circularly polarized light
injects more momentum than the linearly polarized light. We
demonstrate that the total angular momentum change follows
the total energy change faithfully, thus establishing that even
in the time domain PAM is a valid concept and can be used
to characterize the system property. The orbital angular mo-
mentum is normally larger than the spin counterpart, and it
also has a different dependence on time. Similar to DECP
[43], the orbital has a cosine function dependence, while the
spin has a sine function dependence. We find that the atomic
displacement is spiral and its amplitude is far below the Lin-
demann criterion, which has been a big obstacle to a prior
study [19]. The angular momentum of the entire C60 reaches
322h̄ at room temperature. Since endohedral fullerenes such
as N@C60 and P@C60 are readily available, our study points
out a large group of materials suitable for phonon angular
momentum generation. It is expected that our finding will
motivate experimental and theoretical investigations in this
field and beyond.
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