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We propose a nanoscale rotor embedded between two ferromagnetic electrodes that is driven by spin

injection. The spin-rotation coupling allows this nanorotor to continuously receive angular momentum

from an injected spin under steady current flow between ferromagnetic electrodes in an antiparallel

magnetization configuration. We develop a quantum theory of this angular-momentum transfer and show

that a relaxation process from a precession state into a sleeping top state is crucial for the efficient driving of

the nanorotor by solving the master equation. Our work clarifies a general strategy for efficient driving of a

nanorotor.

DOI: 10.1103/PhysRevLett.128.017701

Introduction.—The angular-momentum conversion phe-
nomena between spin and mechanical rotation are recog-
nized as the gyromagnetic effects discovered in the early
20th century by Barnett, Einstein, and de Haas. They
observed magnetization induced by mechanical rotation [1]
and mechanical rotation induced by magnetization [2]
known as the Einstein—de Haas (EdH) effect, revealing
the origin of magnetism is the angular momentum. While
the original targets were limited to ferromagnets [3], the
gyromagnetic effects are universal phenomena that appe-
ared even in nonmagnetic materials ranging from macro-
scopic to microscopic scales in various branches of physics,
including ultracold atoms [4,5], spintronics [6—11], nuclear
spin physics [12], and quark-hadron physics [13]. Recently,
the gyromagnetic effect has been used to identify the
ultrafast demagnetization process [14]. The gyromagnetic
effect has also been utilized to generate mechanical torsion
using electron spin relaxation on nanoscale objects [15-
18], showing its potential as a driving force for mechanical
vibrations in nanoelectromechanical systems [19].

Recently, mechanical rotational motion has become a
topic of nanoscale research [20,21]. For instance, the inner
carbon nanotubes of multiwall carbon nanotubes [22], or
encapsulated fullerenes in carbon peapods [23] may work
as nanorotors while the outer nanotubes may act as the
frame since the inner carbons are low friction due to the van
der Waals bonded frame [24-26]. However, efficient
driving forces for the rotational motion are still lacking
[20,21,27].

In this Letter, we develop a quantum theory to describe
the microscopic mechanism of a nanorotor driven by
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FIG. 1. (a) Schematic diagram of proposed structure of nano-
rotor driven by spin injection. A voltage is applied to two half-
metallic ferromagnetic electrodes with magnetizations respec-
tively in the z and —z directions. An electron with a spin s, = 71/2
from the left electrode cannot enter the right electrode because
there is no electronic state for a spin s, = 71/2. Continuous
current flow is allowed via spin flipping at a rotor induced by the
spin-rotation coupling that describes angular-momentum transfer
from a spin to the rotor. (b) Three possible electronic states of the
rotor. The number of additional electrons injected into the rotor is
restricted to 0 or 1 because of the Coulomb blockade. The spin-
rotation coupling is described by the Hamiltonian — s - €, and
I';4 (g ) is an electron transfer rate between the rotor and the left
(right) electrode.
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electron spin injection via the EdH effect. As a feasible
setup, we consider the double-wall carbon nanotube rotor
shown in Fig. 1(a). Such a rotor is experimentally feasible in
ferromagnetic-carbon nanotube hybrid systems [28]. To
induce its rotational motion by electron spin injection, the
nanorotor is embedded between two half-metallic ferro-
magnetic electrodes in an antiparallel magnetization con-
figuration where the source and drain electrodes are oriented
to z and —z directions, respectively. The rotor is driven
by cyclic transitions among its three electronic states, as
shown in Fig. 1(b). By applying a bias voltage between the
electrodes, an electron with a spin s, = £/2 tunnels from the
left electrode into the nanorotor. This electron cannot tunnel
to the drain electrode as long as its spin state remains s, =
7/2 because there is no electronic state for the spin s, = 71/2
in the half-metallic ferromagnetic drain. Electron accumu-
lation by additional electron tunneling is also forbidden
because of the Coulomb blockade in the nanorotor that acts
like a quantum dot [29-31]. Therefore, only spin flipping
of the injected electron enables continuous current flow
through the rotor. Simultaneously with the single spin
flipping (s, = 7/2 - —h/2), angular momentum 7% is
eventually transferred from the injected electron to the
mechanical rotational motion. Therefore, the current
through the nanorotor is expected to be a driving force of
the rotational motion of the nanorotor in this system. To
confirm the feasibility of the above idea, a concrete theory
for the microscopic mechanism of angular-momentum
transfer in the proposed setup is the subject in this Letter.
The obtained conditions for efficient driving are expected to
be common to other experimental realizations.

We shall treat the mechanical rotation of the nanorotor as
that of a rigid body [32]. In the present rotor, two kinds of
rigid-body motion, i.e., precession and sleeping top as
observed in classical tops, are possible at low energies (see
the inset of Fig. 2). Here, we describe how to induce the
sleeping top state, a rotational motion of the nanorotor
around a principal axis ({) with the axis aligned with an
outer axis (z). The process of angular-momentum transfer is
modeled by the spin-rotation (SR) coupling [33,34]

HSR:—S'Q, (1)

which expresses how the electron spin s interacts with an
effective magnetic field induced by a mechanical rotation
with angular velocity Q. As discussed later, a relaxation
mechanism for rotational motion in which angular momen-
tum is exchanged with a bosonic bath can be incorporated
to stabilize the rotational motion to the sleeping top state.
Model.—Let (&, 1, ) be the principal axes of inertia and
(x,y,z) be the laboratory coordinates. The moments of
inertia of the corresponding principal axes are denoted as
I, 1,7, and I, respectively. We assume that the rotor is a
symmetric top with /; = I,. The rotational motion of the
rotor is expressed by the following Hamiltonian [35],
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FIG. 2. Eigenenergies of rotational motion as a function of k.
The upper and lower branches correspond to the precession state
(M = k£ 1) and the sleeping top state (M = k), respectively.
The insets are schematic diagrams of the corresponding rotor
motions.

where L is the angular-momentum operator of the rotor,
and L; is the { component of L. The Hamiltonian (2)
simply expresses free rotational motion. The quantum
states of the rotor, i.e., the eigenstates of Eq. (2), are
denoted as |L,M, k), which is specified by the three
quantum numbers, the amplitude of angular momentum
L, its z component M, and the { component k [35,36].

To model a bearing of the rotor shaft, we shall introduce
the confinement potential,

H

V| <

pot = = (1 —cosb), (3)
where V > 0 is a system-dependent value; we may choose
V to be much larger than the typical energy scale of the
rotation, as discussed later. The potential term has a
minimum value at & = 0, where 0 is the angle between
the ¢ and z axes. We expect that this simple modeling for
the bearing mechanism works well, at least, for a rough
estimate. In the presence of the Hy, L is no longer a
conserved quantity [36]. In the following, we use I; =
I, =8.71x10* meVps®* and I, =4.29 x 10° meV ps?,
which are the values for an open-ended carbon nanotube
defined by the two integers [29] (n, m) = (6, 3) where the
length Ly = 4.75 nm, and the potential V = 1000 meV.

The eigenstates and eigenenergies of the rotor under
the potential can be calculated by diagonalizing the
Hamiltonian matrices for Hpy + H,, constructed from
the basis states |L, M, k) by utilizing the relations of the
angular-momentum operators and the states [36,37] in
each (M, k) subspace. To obtain the energy spectrum, it
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is convenient to consider an approximation taking the
leading-order terms around # =0 in the Hamiltonian.
The problem can then be mapped to that of a two-dimen-
sional harmonic oscillator with the angular frequency w =
(V/2I¢)"/? [36]. Therefore, the analytical expression of the
energy is given by

h’k?
cin = (20 M=K+ Do+ (4)

where n =0, 1,2, ... expresses the excitation in the har-
monic oscillator for given M and k. The eigenenergies in
Eq. (4) are shown as solid curves in Fig. 2. The lowest
branch (M — k,n) = (0,0) corresponds to the motion of
sleeping top, stable rotation around the ¢ axis with the {
axis aligned to the z axis. The upper branches shown in
Fig. 2 correspond to the precession state (M —k,n) =
(£1,0) in which the angle between the z and { axes is kept
constant [38]. When o (x /V) is sufficiently large, the
each branch is energetically well separated.

In the setup of electron transport, the electron wave
function expands in the carbon nanotube then the nanorotor
functions as a quantum dot [39]. The number of electrons in
the nanorotor changes one by one. We shall model the
electronic states in the nanorotor that contribute to transport
with no (n; = 0) and a single electron (n; = 1). These
states can be represented with the spin index, i.e., |s), where
s =0forn; =0and s = +1/2 for n; = 1 [see Fig. 1(b)].
The Hamiltonian of the electronic states is then written as
H, =Y eony(s)|s)(s|. We shall choose & =0 to re-
present the resonant tunneling condition.

In the nanorotor, an electron spin interacts with the
mechanical rotational motion via the spin-rotation cou-
pling, Eq. (1). The quantum states of the nanorotor with a
single electron are exactly obtained by diagonalizing the
Hamiltonian matrices for Hpy + Hp, + H, + Hgg. The
eigenenergies are plotted in Fig. 2, which shows a small
splitting of the energies between the spin up and down
states as a result of the interaction. Note that the
Hamiltonian conserves both M + s and k. Therefore, the
spin-rotation coupling can mix the states in (M,s) and
(M + 2s, —s) subspaces. That is, the interaction exchanges
the z component of the angular momentum between the
electron and the mechanical rotation, but not the ¢
component in the present setup for the symmetric top.
The angular-momentum exchange processes are diagram-
matically shown in Fig. 2 with the arrow between (A) and
(B). Note that the spin-rotation coupling can induce only
the precession states. To drive sleeping top motion effi-
ciently, we will consider a relaxation process from the
higher to the lowest branches [(B) to (C) in Fig. 2] in the
later discussion.

Rotational motion induced by spin injection.—The effect
of the electrodes on the rotor states is accounted for by the
following Hamiltonian

He = Zgrqsciqscrqs + Zvrqsciqsds +H.c. (5)

r=R.L r=R,L
q.s q.s

The time evolution of the probability of the rotor states w; is
described by the master equation,

d;:i = ZFUWJ - Zrﬁwi’ (6)
J J

where i specifies an eigenstate of the rotor system including
electronic states described by Hy + Hpo + H + Hgg [36].

As is often observed in macroscopic systems, relaxation
processes would exist that lower the energy of the rotational
motion and stabilize the motion. To account for such
processes, we explicitly consider a coupling to a bosonic
bath modeled by the following Hamiltonian,

Hy = hobhb, +> 9,65y + 0L +He.  (7)
q q

where Lgf) (L®) is the angular-momentum operator

ascending (descending) the k states,

LYWL MK =/LIL+1)—k(k£1)|L.M.k+1), (8)

and the relaxation ratio is assumed to be y%)(e) =
27gh~'e®(¢) for an Ohmic bath. As will be shown later,
the process modeled by Eq. (7) induces a relaxation from
the precession state to the sleeping top state. The effect of
the relaxation expressed by Eq. (7) was clarified in a
numerical simulation.

Numerical simulation.—The time evolution of the rota-
tional motion is calculated by solving the differential
equation in Eq. (6). The temperature is set to 7 =
10 mK and the thermal equilibrium state of the rotor is
chosen as the initial state. The tunnel couplings are chosen
as Ipy =Tg =5x10° meV, I'y) =Tk =0 to re-
present the ferromagnetic electrodes. The bias voltages
are switched on at 7 = 0 and the expected values (M) and
(k) are calculated as a function of time.

The time evolutions of the rotational motion in the
absence of a relaxation (g = 0) and in the presence of a re-
laxation (g = 10™, g = 1077) are shown in Figs. 3(a)-3(c).
In the absence of the relaxation, (M) increases almost
linearly with respect to time, keeping (k) almost zero. This
means that the precession motion schematically repre-
sented in the upper inset of Fig. 2 develops. In contrast,
in the presence of the relaxation, (k) increases with (M).
That is, the rotation in the sleeping top state M = k that is
schematically represented in the lower inset of Fig. 2(b)
develops. Note that the relaxation process indeed lowers the
total energy by making a transition to the lowest branch.
These results clearly show the role of the relaxation in
stabilizing the rotation to the sleeping top state.
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FIG. 3. Time evolutions of rotational motion for (a) g =0,

(b) g=1077, and (c) g = 10~7. The chemical potentials of the
left and right electrodes are chosen to be y; = —up = 0.1 meV.
(d) Density plot of torque in the source and drain chemical
potentials, y; — ug, plane.

As shown in Fig. 3(c), (k) develops linearly over a long
time scale when the relaxation is present. We shall consider
the slope of (k) in time as follows:

REIS o

El

T=
tOO

where ¢, is taken to be a sufficiently long time after
applying the bias voltage through which the time evolution
develops linearly in time. Note that 7 is the torque to induce
the sleeping top rotation.

Figure 3(d) shows the calculated 7z for wide range
of source and drain bias voltages for g= 107 and
fo = 10 ps. Since the symmetry relation z(u;,ug) =
—7(ug, p) holds, let us focus on the positive bias regime
(ur > pg). It is clear that there is a contribution to 7 in the
small bias regime, —0.05 meV < up < 0, and it becomes
large around the border pp ~ —0.05 meV. These behaviors
can be understood as reflecting the number of current
channels. An electron with s = 1/2 first tunnels from
the left lead to the rotor, and the angler momentum
transfer occurs because of the spin-rotation coupling:
(M, k,1/2) > (M + 1,k,—1/2). The resultant state is
shown in Fig. 4(a). In the small bias regime, the following
process mainly contributes to the current flow, as shown by
channel 1 in Fig. 4: (i) relaxation (M + 1,k,—1/2) —
(M+1,k+1,-1/2) and (ii) the spin-flipped electron
(with s = —1/2) tunnels from the rotor to the right lead.
In addition to channel 1, channel 2 shown in Fig. 4
also opens when the bias of the right electrode y5 is lower

FIG. 4. Two channels that are relevant to electron transfer.

than —Aw, which corresponds to the energy difference
between the sleeping top and precession states.

Finally, we roughly estimate the angular velocity of the
rotor by the condition that the torque of the spin-flip current
balances with that of the friction in the double-wall nano-
tube [36]. By using the friction proportional to the relative
velocity between the two tubes obtained by numerical
simulations for double-walled carbon nanotubes [40], the
steady-state angular velocity is estimated as |Q| ~ 100 Hz.
The rotation would be directly confirmed by real-space
probes such as the electron microscopes [20,41].

Summary.—We have proposed a nanoscale rotor embe-
dded between two ferromagnetic electrodes that is driven
by injected spins via the EdH effect. As a feasible example,
we considered a double-wall carbon nanotube rotor and
developed a microscopic theory, in which the nanorotor is
modeled as an axisymmetric rigid body. By solving the
master equation, we found that the relaxation process from
a precession state into a sleeping top state is crucial for
efficient driving of the nanorotor.

The mechanism discussed in the Letter is not restricted to
carbon nanotubes; it applies to other materials as well.
Further, there could exist other angular-momentum transfer
processes from that of electron spin, such as spin-orbit and
electron-phonon interactions, as well as nuclear spin
interactions. The locally deformed structure would even-
tually relax into rotational motion. The process discussed in
the Letter would be a minimal model for the momentum
transfer from an electron to rotor that effectively includes
the other possible processes.
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