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Valley-dependent current generation in nanotubes by twisted light
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Each electronic band of a nanotube is associated with a specific crystal orbital angular momentum, in analogy
to crystal momentum. We develop the semiclassical equations of motion of electrons in such twisted Bloch
bands perturbed by electric and magnetic fields. These equations demonstrate that the absorption of twisted light
generates valley-dependent current along the nanotube in the presence of an external inhomogeneous magnetic
field. We show that the valley-dependent current provides a venue to detect valley polarization in twisted Bloch

bands.

DOI: 10.1103/PhysRevB.98.085401

The extremely small reorganization energy of carbon nan-
otubes (CNTs) [1] makes them promising building blocks of
optoelectronic circuits through which orbital angular momen-
tum (OAM) [2—4] can be transported and processed in the form
of twisted exciton wave packets [5,6]. CNTs can be mapped
to graphene, a monolayer of carbon atoms with a honeycomb
structure, using the lattice vector ne; + né, (e; and ¢, being
the primitive lattice vectors) [see Fig. 1(a)], characterized by
the pair of parameters (n, n,). By means of the helical and
rotational symmetries [7], however, they can also be viewed as
spirals of N-arm sites [see Fig. 1(b)], with N being the number
of arms per site (greatest common divisor of n; and n;). As
each Bloch band is thus associated with a specific integer OAM
within the domain [—%, %] (see Fig. 2), it is referred to
as a twisted Bloch band. When N is even, there is an extra
Bloch band with OAM = N /2 [8,9], which has no specific
circularity and therefore will not be considered. On the other
hand, 3" ¢/27=14/N |} is the wave function of a twisted
exciton with OAM = g onan N-arm molecular ring. The phase
variation e'27"=14/N 5 characteristic of twisted excitons and
is responsible for the absorption and emission of twisted light
[10-12]. Using the quantum current operator for a molecular
ring [13], the circular current due to the eigenstates of the
ring is 2N td sin(2wrq/N), with t being the coupling and d
being the distance between nearest-neighbor atoms. Therefore,
excitations of twisted Bloch states of CNTs will result in a
circular current, and naturally the question arises about the
consequences of the force that the charge carriers experience
in an external inhomogeneous magnetic field.

The transport properties of electrons in Bloch bands can be
described by the semiclassical equations of motion [14]

¥ = de(k)/hok, (1)

m? = —¢E —eF x I§, )

where 8(/2) is the Bloch band energy, k is the momentum, E
is the electric field, and B is the magnetic field. This one-band
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approximation neglects interband tunneling and therefore is
only valid when the electric and magnetic fields are weak.
On the other hand, for two-dimensional materials within
a perpendicular magnetic field, the equations of motion of
electrons in magnetic Bloch bands are given by [15,16]

= eR)/hok — k x QU2 3)

Wk = —eE — of x B, 4)

where the magnetic field has been separated into a weak part
and a strong part [17]. The second term on the right-hand side
of Eq. (3) describes the effect of the strong magnetic field, with
Q(k) being the Berry curvature. The valley dependence of the
Berry curvature gives rise to a valley Hall effect, which can
be exploited to detect valley polarization in two-dimensional
materials [18,19]. In this paper, we generalize this concept
by developing the equations of motion of electrons in twisted
Bloch bands perturbed by electric and magnetic fields. Instead
of a dependence on k (due to the translational symmetry),
the twisted Bloch band energies, €(k, ¢), will depend on the
quantum numbers due to the helical («) and rotational (gq)
symmetries. We will show that the x dependence gives rise
to both a linear velocity along the CNT and a circular velocity
around the CNT, whereas the ¢ dependence only gives rise to
a circular velocity. The two circular velocities, not appearing
in Eq. (2), result in a valley-dependent current along the CNT
(assuming that the magnetic field is strong enough to dissociate
the excitons), which provides a new venue to generate current
and detect valley polarization in CNTs.

The dynamics of electrons in a twisted Bloch band can be
described by a wave packet, i.e., a linear superposition

K+Ak/2

|\ (1)) :/ dk C(k,q,1) |V q) (®)]
Kk—Ak/2

of twisted Bloch states with coefficients C (k, g, t), where each

twisted Bloch state has the general form

N
1 . )
|\IIK, ) — § E el27‘r(l—l)K/Lel2rr(n—l)q/N |wl,n> , (6)
! VLN =1 n=1
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FIG. 1. (a) Mapping of the (5,10) CNT to graphene by means
of the lattice vector 5¢; + 10¢, (¢; and &, being the primitive lattice
vectors). On the other hand, the CNT can be decomposed into spirals
of arms 1 (red), 2 (green), 3 (blue), 4 (pink), and 5 (orange), each
consisting of two inequivalent carbon atoms, denoted as A and B.
Black dashed lines indicate the five-arm sites. (b) Top and side views
of the spirals.

with L being the number of sites. The wave function |y )
of the electron in arm » at site / is a linear combination of
molecular orbitals of the two inequivalent carbon atoms of
each arm; see Fig. 1(a). While physical results do not depend
on the choice of quantum numbers to describe the system,
choosing « and ¢ instead of the usual linear and angular
momenta simplifies the construction of wave packets and the
subsequent derivations, as the CNTs are excited by twisted
light with conserved OAM. We define the helical coordinate
X =22+ r0¢xq3 as illustrated in Fig. 3. The relations

z = xsin(a), rop, = x cos(a) (7)

indicate that the helical momentum operator, P, = —i Fz%,
can be decomposed into a linear momentum operator along
the Z coordinate, P,, = P,/ sin(«), and a circular momentum
operator along the ¢ coordinate, P, , = P/ cos(a). The wave
packet defined in Eq. (5) then has a mean linear velocity of
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FIG. 2. Twisted Bloch bands of the (5,10) CNT associated with
OAM = -2 (red), OAM = —1 (green), OAM = 0 (black), OAM =
1 (blue), and OAM = 2 (orange). The band structure is calculated by
a tight-binding model considering only the p, orbitals and nearest-
neighbor coupling. Dashed lines mark the band gaps.
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where Hj is the Hamiltonian without electric and magnetic
fields. In the last step, the assumption that the wave packet is
narrow in « has been applied.

The part of the mean circular velocity originating from the
helical symmetry, which is referred to as helical circular veloc-
ity in the following, can be calculated in a similar way, yielding

. ade(k, q)
ro¢, = cos(a) . ©)
hok
The part originating from the rotational symmetry, referred to
as rotational circular velocity in the following, however, is not
well defined in terms of % because of the discontinuity
of g space. Instead, the circular momentum operator,
. 3 .

P, = —zhm, gives

rodg = (V)| Py/m|W(1))

= (\I"K,q| —ih |\I’K,q) . (10)

romog,
Electric and magnetic fields do not affect Egs. (8)—(10), but
solely determine the dynamic equations for «. Considering a
homogeneous electric field along the CNT, H' = —e®(z), we
have

V(D)|[Hy — e®(2), P ]|W(1))

i
hk.2 = —
K2 h<

9 .
=—e (‘If(t)l[d)(z), a—z]lllf(t)) =—¢E. (11)

Modeling the external inhomogeneous magnetic field by
a radial magnetic field of the form B = Br#, which is
generated by the vector potential A = —Brz¢, we have
H' = eBrzPy/m with P, = P, + P,. Since H' commutes
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FIG. 3. Definition of the helical coordinate ¥ = zZ + r0¢x¢3 in
cylindrical coordinates (left) and unfolded into the ¢z plane (right).

with Py but not with P, we have P¢ = 0and
i
fik,z2 = 7 (W(OI[H', P 1|W(1)) = —e (W(1)|Br Py /m|¥(1))

= —eBry|Us|2 = —eby x B, (12)

where ¥, = (rodw + rozi}q )¢ and it is assumed that the

magnetic field at the wall of the CNT is Brg. The dynamics

of electrons in twisted Bloch bands is thus given by

de(k,q)
hox

hic.2 = —eE — eVy x B. (14)

2% + rodd = [sin(@)? + cos(a)¢] + rodyd, (13)

Equation (13) resembles Eq. (1) except for the extra velocity
term around the CNT. Equation (14) resembles Egs. (2) and
(4), but vy is a circular velocity and the magnetic-field points
along the 7 coordinate.

A direct consequence of the circular velocity term in
Eq. (14) is current generation when the CNT is illuminated
by twisted light and exposed to a magnetic field with a radial

FIG. 4. Setup for the measurement of a valley-dependent current.
A magnetic field with a radial component is provided by the magnet
on the right side of the CNT and a twisted light beam is applied from
the left side of the CNT. The measured voltage depends on the OAM
of the twisted light.

(a) \/ (b)
& >
2 2 =<
w 0 L
K9 K3 K4
(c)
5 -2 2
)
[
w
2 -2
) K3 R4 K5

FIG. 5. Excitation in twisted Bloch bands by (a) twisted light with
OAM = 0 in an electric field, (b) twisted light with OAM = 1 or —1
in a magnetic field with radial component, and (c) twisted light with
OAM = 2 or —2 in a magnetic field with a radial component. The
valleys k,, k3, k4, and ks are defined in Fig. 2. The shaded areas
represent the distribution function f (k).

component, as shown in Fig. 4. To demonstrate this new mech-
anism of current generation, we employ Boltzmann theory. The
distribution function in the relaxation-time approximation is

Fe) = folic) + %r(x)(é + 3y x B)- Vi folc),  (15)

where fy(k) is the Fermi distribution function and t is the
relaxation time. Then the current along the CNT is given by

J. = —B/dK J)z(x) (16)

J; = 0 without electric and magnetic fields, since f(x) is
symmetric and z(x) is antisymmetric around the valleys (see
K2, k3, K4, and k5 in Fig. 2). There will be a net current when an
electric field is applied along the CNT (without magnetic field),
since now f (k) is no longer symmetric around the valleys
[see Fig. 5(a)] for any OAM of the twisted light. Electrons
in conventional Bloch bands will have the same distribution
function and therefore result in a net current, i.e., nothing is
special for electrons in twisted Bloch bands so far. New physics
is introduced when a magnetic field with a radial component
couples to the velocity; see Eq. (15).

Using Egs. (8) and (9), we examine how the linear velocity
and the helical circular velocity vary with «. As Eq. (10) tells
us only how to calculate the rotational circular velocity, we
apply a tight-binding model restricted to coupling between the
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FIG. 6. Velocity along the CNT (dashed curves), helical circular
velocity (dotted curves), and rotational circular velocity (solid curves)
for OAM = 0. Green refers to the valence band, red to the conduction
band.

p. orbitals of nearest-neighbor carbon atoms,

Hy= Y rtallaf, +Hec. (17)
(l,ml’,n")

where (I, n;l’,n’) indicates nearest neighbors, alA l.T is the
creation operator for an electron on carbon atom A in arm
i at site [, aﬁ v 1s the annihilation operator for an electron on
carbon atom B in arm n’ at site [/, and the coupling 7 is set to a
value of —2.77 eV [20]. The velocity operator can be derived
from the polarization operator [21]

D BA At A 5B Bt B
P = Z (Rl,llal,Jal,n + Rl,nal,nal,n) (18)
l,n
as
2P i By
V= — = —1 s
ot 0
it SA BB\, Bf A
=T Z (R, — R. )y eai,
(L,m;l',n")
RB RA \, Al B
+ (Rl,n - Rl/,n’)al’,n’al,n]’ (19)

where R denotes the positions of the carbon atoms, taking the
carbon-carbon bond length as 1.44 A [20]. It turns out that the
same linear velocity and the same helical circular velocity are
obtained from Eq. (19) and from Eqgs. (8) and (9), which verifies
the validity of Eq. (19) for calculating the rotational circular
velocity. Figure 6 shows the results obtained from Eq. (19)
for the conduction and valence bands with OAM = 0. The
linear velocity and the helical circular velocity are zero when
de(k)/dk = 0, as expected. The zeros of the rotational circular
velocity, however, are shifted, which, as will be explained later,
is the source of net current generation when the CNT is exposed
to a magnetic field with a radial component. More specifically,
for the conduction band the zeros shift left (right) at the band
minimum and right (left) at the band maximum forx > 0 (k <
0), and in the opposite directions for the valence band. The shift
gets larger as |« | grows. Note that these shifts apply to all the
bands in Fig. 2. With the rotational circular velocity at hand, we
calculate f(x) and show in Fig. 7 results for different values
of B, assuming t = 5 ps [22]. The curves for B # 0 are not
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FIG. 7. Distribution function for an electron excited into the
conduction-band valley at k4.

symmetric due to the different symmetries of the helical and
rotational circular velocities.

Assume that (k) is symmetric at the valleys shown in
Fig. 2. Then the linear velocity and the helical circular velocity
would be antisymmetric at the valleys, i.e., they cannot break
the symmetry of f(x) and therefore cannot introduce any
net current. The rotational circular velocity, however, is not
symmetric at the valleys, such that f (k) is not symmetric.
Figures 5(b) and 5(c) indicate that opposite current will
be generated and, consequently, opposite potentials can be
measured across the setup of Fig. 4 when twisted light with
opposite OAM is applied. In Fig. 5(c) the tilts of the shaded
areas illustrate the effects of the shifts of the zeros of the
rotational circular velocity at the different valleys. Assuming
that the same amount of electrons are excited at each valley, the
excitation by twisted light with OAM = —2, for example, will
generate a smaller current than the excitation by twisted light
with OAM = —1. Excitation by twisted light with OAM = 0
will generate no net current, as the electrons in the valence
and conduction bands will be moving in opposite directions.
We note that the valley-dependent current, therefore, makes
it possible to detect the valley polarization in the twisted
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FIG. 8. Current along the CNT generated by twisted light
with OAM = -2 (red), OAM = —1 (green), OAM = 1 (blue), and
OAM = 2 (orange).
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Bloch bands of CNTs by means of a magnetic field with
a radial component. Figure 8 gives numerical results for J,
obtained from Eq. (16), showing that observable currents can
be generated by reasonable magnetic fields.

In conclusion, the semiclassical equations of motion of
electrons in twisted Bloch bands have been derived, which
has enabled us to analyze the transport properties by means
of Boltzmann theory. Generation of valley-dependent current
is predicted when a CNT is exposed to an external inho-
mogeneous magnetic field and excited by twisted light with
OAM # 0. All excitations generating valley-dependent current
are indirect, which requires phonons to be involved in order
to compensate for the difference in linear momentum and

OAM between the valleys. However, it turns out that the
valleys approach each other for growing N. The extremely
low reorganization energy of CNTs, which is reported to be
on the order of tens of meV [1], makes it possible to keep the
moving electrons coherent and thus the OAM constant. The
introduced mechanism of current generation can be used to
detect valley polarization in the twisted Bloch bands of CNTs.
While we have used CNTs to demonstrate our ideas, the derived
conclusions apply to nanotubes in general.
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