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We consider the radiation of angular momentum (AM) from current-carrying molecular junctions. Using the
nonequilibrium Green’s function method, we derive a convenient formula for the AM radiation and apply it to
a prototypical benzene molecule junction. We discuss the selection rules for inelastic transitions between the
molecular angular momentum eigenstates due to a sixfold rotational symmetry. Our study provides important
insights into the generation of light with AM from DC-biased molecular junctions.
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Introduction. The atomic scale interaction of nonequi-
librium electrons with light is the key to develop elec-
trically driven single molecular light sources for sensing,
spectroscopy, and chemical reactions [1-3]. The high spatial
resolution and local field enhancement offered by the tip of
a scanning tunneling microscope provide an ideal platform
to investigate this problem [4-9]. Recent years have wit-
nessed tremendous progress in this direction. By analyzing
the light emission spectra, a variety of physical and chemical
information can be deduced, including vibrational coupling
[7,10], coherent intermolecular dipole interaction [8,11,12],
plasmon-exciton coupling [13,14], anti- and superbunching
photon statistics [15,16], and charge and spin state emission
[17,18]. A theoretical understanding of these effects relies on
methods developed in quantum optics and quantum transport
[18-27].

The coupling of electron orbital motion with its spin leads
to spin-orbit interaction, which is of vital importance in spin-
tronics [28], topological physics [29,30], and so on. Spin-orbit
coupling is also responsible for the chiral-induced spin selec-
tivity in electron transport through molecules [31,32]. How-
ever, the effect of electron orbital motion on single-molecule
electroluminescence is, to a large extent, unexplored. In this
work, based on the nonequilibrium Green’s function (NEGF)
method [33-36], we develop a microscopic theory to study
electrically driven angular momentum emission from a sin-
gle molecule. We consider a prototypical benzene molecule,
which has well-defined orbital angular momentum states in an
isolated situation. We illustrate the underlying mechanism as
an inelastic electronic transition between states with different
orbital angular momentum (AM). This is in contrast to the
optical approach by passing normal light through constructed
optical structures [37,38].
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Theory. To consider an open system for light emission,
we decompose it into four parts: a molecular system as a
quantum emitter, the coupling of the quantum emitter with
the radiation field, the radiation field itself, and the leads and
their couplings with the quantum emitter for pumping energy
and electrons into the quantum emitter.

We use a tight-binding (TB) model combined with the
Peierls substitution [39] to describe the central molecule and
its coupling with the radiation field, written as

H, = Z C;rtijCjeiei'f, (D)
(i)

where (ij) denotes the nearest-neighbor (NN) sites i and j,
t;; is the NN hopping parameter, and c}L (c;) is the electron
creation (annihilation) operator at site i. The phase 6;; =
% fr rj‘ A - dl represents the coupling to the radiation field. Here,
e ~ —1.602 x 107! Cis the electron’s charge, A is the vector
potential, and r; and r; are the positions of sites i and j,
respectively. Expanding e in terms of A up to first order,
we can write Eq. (1) into two terms H, ~ Hto + H,py, with H,O
for the noninteracting electrons and Hj,, for the coupling of
the electrons with the radiation field. They are given by

Zc tjcj, 2
Hop~ Y ) Z Ml clejA o), 3)

(ijy k pn=xyz

where M ke _ 12ht,j(rl r;), (8 + 6;) is the electron-
photon couphng matrix element. We use Greek letters to
represent components of the Cartesian coordinates, i.e., u =

X, ¥, 2.
The Hamiltonian of the radiation field is

1 / d3 [ 1( ? (4)
I = & + B s
ad B 0 L o

where gy and (¢ are the vacuum permittivity and permeability,
respectively. Here, we adopt the Coulomb gauge with V - A =
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0, thus the transverse electric field is given by E | = —09,A,
and the magnetic field is B = V x A. We restrict our discus-
sion to the far-field radiation here and neglect the longitudinal
electric field. The latter is important in the near-field region,
such as near-field interactions and near-field heat transfer
[40—42], while it decays with the distance much faster than
the propagating transverse electromagnetic field and thus it is
ignored in the far-field region. The effect of the leads and their
couplings with the molecule are included by the self-energies,
as shown below.
The energy and AM flux of electromagnetic field can be
obtained from [43,44]
S:L(:ELXB:), o)
Mo

M=(rx T 2, )

where (:AB :) denotes normal order of operators AB when
taking the ensemble average, which removes the zero-point

motion contribution, and (7) is the Maxwell stress ten-
sor with T, = %8,“,(50E2 + “5132) — &k E, — ualBﬂBv.
Equations (5) and (6) can be expressed in terms of the photon
Green’s function (GF) [45]

() 2f+wdwh
T) = €,,)€y56 — —hw
nvy VSSMO 0 T

Re| - -2 (N
xRe| — =

Dy, (r, r, a))}
s

r—r

The Einstein summation rule is used here, and €,,, is the
Levi-Civita symbol; ng (r,r, w) is the photon’s lesser GF
in the frequency domain. Relevant quantities in Eq. (6) are
written as

2i [Cdow 2 <
(: ELE, ) =Re E/o E(hw) Dy, (r,r,o) |, (8a)

. ® dw
(: BB, :) = Re|:z2h/0 5 Cnre€ore

a 0 ,
X E @Dgé,(r, r, w)] (8b)
The GFs are obtained following the standard NEGF for-
malism. The retarded GF is solved by the Dyson equation
D'=d" +d'II"'D", and d" is the free space photon GF
[46]. The lesser GFs are obtained by the Keldysh equation
D= = D'TI<D?, with D* = (D")'. We use the random phase
approximation to calculate the interacting self-energy

r—r

05, (i, rj, )

400 dE ) )
— _ih / 2 Mgt (B (E — o), )
oo 2mh

where Tr[- - - ] means trace over the electron degrees of free-
<(>)

dom, g=*) = g5 Ve is the lesser (greater) GFs for the

noninteracting electrons. Here, Eliid? is the lesser (greater)
self-energy due to electron’s coupling with the leads. The
leads are in their respective equilibrium states and the self-
energies follow the fluctuation-dissipation theorem, for lead
B, X5 =ifglpand X7 =i(—1+ fp)l'p. Here, fg(E, up) =

1/ [exp(Ek;—};’j) + 1] is the Fermi distribution function, g is

FIG. 1. Light emission from a benzene molecule junction. The
metal leads L and R are connected to two carbon atoms in the ortho
position. Meta and para positions correspond to lead R connecting to
3 and 4, respectively.

the chemical potential, T is the temperature, kg is the Boltz-
mann constant, and I'g = —2Im[X4] is the coupling-weighted
spectrum of the lead.

To calculate the total energy and AM radiation, we choose
a large spherical surface enclosing the molecule, and perform
the surface integral

P:¢‘S~dA, (10)
dL <>
E=¢.M'dA, 11

where dA = RdA, with R = R/R denoting the unit normal
vector of the spherical surface dA with radius R. In the far-
field region (with R much larger than the photon wavelength
A and the central molecule’s size ~a), we get simplified
expressions for Egs. (10) and (11) as

®dw ho®
P=— — — Im|IT"= , 12
/0 27 3mwegc3 m| p ()] (12)

dL, /°° do ho R [Ht°t<( )] (13)
—_— = ————¢,wRe S (w)|,
dt o 27 3meped M g

with H;fff(a)) = Zij I3, (ri, rj, ®). The Einstein summation
rule is used here. We have performed the solid angle integra-
tion within the monopole approximation, i.e., neglecting the
molecular size considering (a/R) < 1. We observe that the
emission power is related to the trace, while the AM emission
rate is related to the antisymmetric part of the tensor, [T <,
Equation (13) is the main result of this Rapid Communication.
It serves as a simple formula for calculating far-field radiation
of optical AM from biased molecular systems. It can also
be generalized to other interesting systems, such as two-
dimensional sheets.

Application. The theory we develop is quite general. We
now apply it to a prototypical benzene molecule junction
shown in Fig. 1. We take the NN hopping parameter as —f;; =
t =2.5¢eV and the C-C bond length as a = 1.4 A. We use
the wideband approximation for molecule-lead coupling with
Ir,=rg="T.

The isolated benzene molecule has a Cg rotational
symmetry. We put the molecule in the x-y plane with site
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FIG. 2. (a) Selection rules for the emission of optical angular
momentum between energy levels of the TB benzene molecule.
(b) Light emission with leads coupled directly to two eigenmodes
of the benzene molecule in high bias regime. T is the weak lead
coupling to the modes. (c) Orbital resolved electron density of states
(DOS) of the benzene molecule when coupled to the leads in the
ortho position shown in Fig. 1, with I = 0.4 eV. The DOS is defined
by —Im[g},(E)]/m for energy level [.

positions xj =acos(2m j/6), y;j =asin(2w j/6),
j=1,2,...,6. The orbital eigenenergies are E; =
—2tcos(2ml/6), with [ =0, £1, £2, 3. We have neglected
the spin degeneracy here. When coupled to the two metal
leads, the energy levels are broadened, but the degeneracy
is not lifted. The orbital resolved density of states (DOS) is
shown in Fig. 2(c). Here the mode space GF g is related to
the real space GF via the unitary transformation g = Ufg'U,
with Uj,, = €27/"/%//6, j,m=1,2,...,6. Note that the
mode index m is unique only modulo 6, thus 6 is the same as
0, and 5 is the same as —1. Also, we use the notation that an
operator denoted as O in real space is written as O in mode
space, with o=U'ou.

The mechanism of AM emission can be understood by
considering the selection rules in mode space. Defining the
electron velocity matrix v;‘j =t;j(r; —r;), /h, we have v* =
éZk M**, which has the Cg rotational symmetry. For the
coordinate system we choose here, the Cg symmetry leads
to the relations V%, V% = Uy Upnn and V%, Uy = i 05, 0%
Here, A, = sgn(m —n)if [m —n| =1,and Ajg = —Ag =
1, otherwise A,,, = 0.

We consider the simple case where the leads
couple respectively to only two eigenmodes of the
molecule in the high bias regime u; K E, < E,, < ug

[Fig. 2(b)] In the limit ' — 0, we get from Eq. (12)
P=—w’e 2(vij;fm + Vo Unn)/ (B eoc®), and  dL./dt =

iWyne (vnmvmn — vnmvmn)/(3n8003) from Eq. (13), with
hwy, = E,, — E, [45]. Using the relations of the velocity
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FIG. 3. (a) Intensity plot of angular momentum radiation rate
normalized by (dL,/dt)/Jy as a function of chemical potentials
wr/t and ug/t. (b) Frequency-resolved spectrum of the angular
momentum radiation, normalized relative to the maximum value at
hw = 2t, for up = —t and ug = 6 V. (c) Line cut of the plot in
(a) at ug = 4 eV. (i) and (ii) are results calculated from Eq. (13) at
zero temperature, while (iii) and (iv) are results from Eq. (14). ' =
0.1 eV for (i) and (iii), and I' = 0.4 eV for (ii) and (iv). The leads
couple to the benzene molecule in the ortho position for (a)—(c). For
(c)and (d), ug = 4 eV. For (a), (b),and (d), ' = 0.4 eV, T = 300 K.

dLjdt _ A,,m
matrix due to the Cg symmetry, we get —5— =

This result is reminiscent of Eq. (19) of a recent work
for the classical case of AM radiation from a single
electron performing circular motion with a constant
frequency [47]. Since every emitted photon carries an
energy fiwy,, the number of photons emitted per unit time

is dN/dt = P/(hwy,). Thus, the AM per emitted photon is
AL = Zﬁ,//j; = A,,hi, which is the selection rules shown in
Fig. 2(a).

The light emission for real-space coupling in Fig. 1 is a
combination of all the possible processes shown in Fig. 2(a).
This is tuned by the applied bias. Significant light emission
between two energy levels of the molecule is possible when
the energy levels enter into the bias window, restricted by
the selection rules. Since the degenerate energy levels (I =
+1, +2) are broadened but not split when the molecule cou-
ples to the leads, they will enter into or out of the bias window
simultaneously. Light emission from inelastic transition [ =
2 — [ =1 is accompanied by emission from transition / =
—2 — [ = —1. These two processes emit light with opposite
AM. The summation of the two leads to cancellation of the
total AM.

Figure 3(a) shows the intensity plot of total AM radiation
as a function of the two chemical potentials u; and ug in
the ortho position. We observe a four-line-segment feature
(FLSF) where the AM radiation is large when one chemical
potential is in resonance with the eigenstates at ¢ and the bias
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window covers the energy range [—t, ¢]. The AM radiation is
quite small in other regions. To analyze this resonant effect,
we show in Fig. 3(b) the frequency/energy-resolved spectrum
of the AM radiation [Eq. (13) without frequency integration]
for the resonant case. There is a large peak at fiw = 2f,
which implies that the FLSF in Fig. 3(a) is contributed mainly
from the radiative transition processes [ =2 — [ =1 and
l==-2—>1=-1.

Why does it generate net AM radiation? It seems not so ob-
vious considering that photons emitted by the two transitions
are opposite polarized and the degeneracy of the involved
orbital states is not lifted due to lead couplings [see Fig. 2(c)].
To analyze this, we performed a simplified analysis using
only these four modes, / = £1, £2. We find that the cross
correlations between the degenerate states, such as g|5(E)
and g4, (E), are more important in the generation of net AM
radiation than the correlations between nondegenerate states,
such as g,(E) and g7, (E ). We set the latter to O for simplicity.
With these simplifications, for the resonant peak at yu; = —1,
we get from Eq. (13) in the zero-temperature limit [45]

dL, _ ('/6)?
dt G+ 12+ (T/62°

(14)

with Jy = ﬁta(vo/c’){ vg = at /h, the fine-structure con-

stant o = e?/(4msplic), and the light speed c. The approxi-
mate expression of Eq. (14) agrees well with numerical results
from Eq. (13) [Fig. 3(c)]. Equation (14) implies that the height
of the resonance peak is a constant at zero temperature, and its
width is characterized by I' /6.

Figure 3(d) shows the AM radiation for different ways
of connecting the leads. For the ortho position, the resonant
peak is broadened and its height is reduced, compared to
the zero-temperature result (ii) in Fig. 3(c). This is due to a
higher temperature at 300 K. For the asymmetric couplings
at the meta position, the AM radiation shows resonant effect,

similar to the result at the ortho position but with the opposite
direction of AM. However, for the symmetric couplings at
the para position, the net AM is 0 despite the applied biases.
These properties imply the possibility to design smart optical
devices that can control the generation of AM radiation by
simply applying an electric bias to the molecule junction,
a convenient way compared with controlling AM radiation
using a temperature bias [48,49] or an external magnetic field
[50].

In the analysis of the experimental optical spectra of the
benzene molecule, electronic transitions with vibronic cou-
plings are considered. Though only the electronic excita-
tions are considered in our model, the main features of the
AM radiation corresponding to the electronic transitions [ =
42 — [ = 1 with a transition energy of 2¢ = 5.0 eV, may
be observed qualitatively in the future experiment, referring
to the typical lowest electronic transition Ip,, <« 4, ¢ With
an absorption peak at E ~ 4.9 eV in experiments [51,52].

Conclusion. In summary, using the NEGF method, we have
developed a theoretical framework to study AM radiation
from current-carrying molecular junctions. As an application,
the theory identifies from a quantum viewpoint that electrons
of a ringlike benzene molecule emit light with AM due to
radiative transitions between different angular momentum
states. Due to asymmetric couplings to the leads and electron
tunneling between degenerate energy states with opposite an-
gular momentum, large resonant effect with the bias potential
was discovered. Our theory can be straightforwardly applied
to more realistic chiral molecules. One possible application
of our study is that single molecular junction is promising
in optical antennas [26] to control emission polarization and
directivity by lead touching and the applied electrical bias.
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