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Spin Light Emitting Diode Based on Exciton Fine Structure Tuning in Quantum Dots
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We propose a concept of quantum dot based light emitting diode that produces circularly polarized light
without magnetic contacts due to the hyperfine interaction at the crossing of the exciton levels in a weak
magnetic field. The electroluminescence circular polarization degree can reach 100%. The concept is
compatible with the micropillar cavities, which allows for the generation of single circularly polarized
photons. Second order photon correlation function includes information about the nuclear spin dynamics in
the quantum dot, and the nuclear spin state can be purified by the quantum measurement backaction.
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Introduction.—The compact sources of circularly polar-
ized light are strongly anticipated for the opto-spintronic
applications in general and for the quantum information
processing in particular [1,2]. The circularly polarized light
can be obtained using the optical activity of bulk crystals,
heterostructures [3-5], or organic molecules [6,7].

Much more compact devices exploit chiral vacuum
electromagnetic modes, which can be created in chiral
photonic crystals, using chiral metasurfaces [8—11], or
exploiting a chiral design of heterostructures [12—14].

Even more compact and technologically simple sources
of circularly polarized light are based on the spin polari-
zation of the charge carriers involved in the light emission.
For example, absorption of circularly polarized light leads
to optical spin orientation and reemission of circularly
polarized light provided the spin relaxation time is long
enough [15]. For practical applications, the electrical spin
injection is more favorable, and such sources of circularly
polarized light are widely known as spin-light emitting
diodes (LEDs) [16]. In spin-LEDs, the spin is injected to
single or multiple quantum wells or quantum dots (QDs)
from ferromagnetic contacts [17-24] or chiral environment,
such as organic molecules [25,26]. Especially there is
renewed interest in the studies of QDs nowadays [27].

We put forward an alternative concept of spin-LEDs
that exploits the fine structure tuning of excitons in semi-
conductor QDs by magnetic field. In it, no ferromagnetic
contacts are needed, the sense of the circular polarization
of the electroluminescence (EL) is determined by a tiny
magnetic field of the order of ten millitesla, and the size of
the device can be much smaller than the light wavelength.

Tuning of the exciton fine structure by magnetic field can
lead to the so-called dynamic electron spin polarization
effect, i.e., appearance of a large electron spin polarization
in nonequilibrium conditions due to the electron-nuclear
flip-flops, which can be used to produce circularly
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polarized light. This effect was first described and observed
in momentum indirect type-I (In, Al)As/AlAs QDs [28],
which show long spin relaxation times up to milliseconds
at zero magnetic field. Later, the dynamic electron spin
polarization effect was described theoretically [29] and
observed experimentally [30] for moiré quantum dots in
twisted transition metal dichalcogenides heterobilayers.
It was also theoretically shown to take place under electric
current flow in organic semiconductor molecules [31],
which are often used for LEDs [32,33]. The clear analogies
can be observed with the effects of nuclear self polarization
[34], magnetocircular photoluminescence [35], and chemi-
cally induced dynamic electron polarization [36,37].

We describe QD-based spin-LEDs, which are based on
the dynamic electron spin polarization effect. Such struc-
tures are compatible with the micropillar cavities [38—41],
which can be used to enhance the emission directionality
and produce single photons [42,43]. In combination, this
allows for the generation of single circularly polarized
photons by electric pulses and promises to find an impor-
tant application in quantum communications and photon-
based computations.

Model.—The device under consideration basically rep-
resents a QD based LED in external magnetic field with
electrical injection of electrons and holes from n-type and
p-type contacts to intermediate intrinsic layer with self-
assembled QDs, see Fig. 1(a). The QDs are assumed to be
made of GaAs-type semiconductors and to be small enough
so that only the first size quantized levels of electron and
hole in QDs can be considered (and we neglect the possible
valley degeneracy). The relevant temperatures are below
the liquid nitrogen temperature. We denote the electron and
hole capture rates to an empty QD as y, and y,,, respec-
tively. The single particle states are Kramers degenerate
with respect to the electron spin S, = £1/2 and the heavy
hole spin J, = £3/2. When a QD captures both an electron
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and a hole, an exciton forms. It can recombine radiatively
with the rate y, in the bright spin state, according to the
optical selection rules [15]: S, =7F 1/2 electron can
recombine with J, = £3/2 hole only emitting circularly
polarized 6& photon, respectively.

We consider the limit of

Yo > Ve > 7 (1)

and assume the strong Coulomb interaction, which forbids
occupancy of a QD by two electrons without a hole.
The possible transitions between QD states are shown in
Fig. 1(b): Starting from the empty QD state (@), first, an
electron with spin-up or spin-down is captured by the QD
(blue dashed arrows) because of the assumptions of much
slower hole capture rate. Then due to the Coulomb block-
ade only a hole can be captured with the rate y;, (red dotted
arrows). Afterwards, if the bright exciton is formed, it
quickly radiatively recombines (yellow solid wavy arrows).
If the dark exciton with parallel electron and hole spins
is formed, there are two options: (i) It can recombine
radiatively [yellow dashed wavy arrows in Fig. 1(b)] due to
the mixing of bright and dark excitonic states by the

(@)

(b) T

R

FIG. 1. (a) Electrical injection of electrons (blue) and holes
(red) to a QD (heart of the device), which emits circularly
polarized light (yellow). (b) Transitions between different QD
states. Blue and red solid arrows denote electron and hole spins,
@ is the empty QD state, blue dashed and red dotted arrows
denote capture of electrons and holes, respectively, yellow and
dark cyan wavy arrows are the exciton and trion radiative
recombinations, which obey the optical selection rules.

hyperfine interaction. The corresponding recombination
rate y, is small (~y,) and depends on the spin of the hole
in the exciton J, = £3/2. (ii) A second electron with the
opposite spin can be captured with the rate y,/2. In the
latter case, the singlet trion forms and quickly recombines
radiatively with the rate y (dark cyan wavy arrows). Then a
single electron remains in the QD. The interplay between
these two options produces the circular polarization of the
emitted light, as we show below.

The exciton spin dynamics is driven by the electron
hyperfine interaction, exchange interaction, and external
magnetic field B. The Bloch equation for the electron
spin S reads [44]: dS/dt = (g.up/h)B X S, wWhere g, is
the electron ¢ factor, up is the Bohr magneton, and
B, = B+ B, + (2J./3)Bexene: is the total effective mag-
netic field, which includes the exchange field +B.,, along
the z axis [45], and the Overhauser field B, of randomly
oriented nuclear spins. The nuclear spin fluctuations
produce “frozen” Overhauser field with the Gaussian
probability distribution function « exp(—B2/A3%), where
Ap characterizes the dispersion [46]. In the limit of fast
electron spin precession, we obtain the recombination rates
of the dark excitons [47]:

2 2
Bn.x + Bn,y

=yt MY 2
7/04(3 j:Bﬁ:xch)z ( )

Y+

We note that the mixing can be provided by the tilted
external magnetic field as well.

The QD is occupied most of the time with a single
electron, so its state can be characterized by the two
occupancies p4,, of spin-up and spin-down states. From
Fig. 1(b) one can see that the rates of the trion recombi-
nation with emission of ¢* photons are given by

= Py Yern/4

= : (3)

T re/2+ s

At the same time, the rates of ¢* photon emission by

excitons are I =y, /2 — I}, so the total EL is unpolar-

ized, while exciton and trion ELs are polarized oppositely.
The kinetic equations for the occupancies read

dp 1
— = npy ) -1 ()
dr 2

From these equations we find the intensities of the exciton
and trion EL in the steady state (I%/7) = (/" 4 jev/iry,
their polarizations Py, = (1" — pex/my /(1ex/t) and the
electron spin polarization P, = (py — p;), where the
angular brackets denote the averaging over the random
Overhauser field. Generally, the polarizations are deter-
mined by the two dimensionless parameters B/B.,., and

R = yengch/(yoA%’)'
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FIG. 2. (a) Polarizations of trion EL (solid dark cyan line),
exciton EL (yellow dashed line), and an electron (blue dotted
line) for R = 2.5. (b) Polarization of trion EL for increasing
electron injection rate: R — 0 (black solid line), R = 2.5 (red
dashed line), and R = 250 (blue dotted line). The inset shows the
splitting of bright and dark excitonic states in magnetic field.
At the level crossing shown by the red circle (B = B.,) the
polarizations are the largest.

Results.—We show the polarization degrees of trion and
exciton EL and of the electron spin in Fig. 2(a) as functions
of the magnetic field. These functions are odd in agreement
with the time reversal symmetry and reach the largest
values at |B| = Beyen (We assume B, > 0, which corre-
sponds to the negative electron g factor). This can be
understood from the inset in Fig. 2(b), which shows the
splitting of the exciton levels in magnetic field. At
B = £B, the levels of a bright and a dark exciton with
the same hole spin cross (red circle in the inset), so their
mixing due to the hyperfine interaction is the strongest.
Note that there is also another level crossing shown by a
small black circle in the inset in Fig. 2(b), but the
corresponding mixing between bright and dark states
requires hole spin flips, which we neglect [47] due to
p-type hole Bloch wave functions [48].

The electron spin polarization cannot exceed 1/3, the
exciton EL polarization is generally smaller than 1/2,

but the trion EL polarization can reach 100%. So for
the rest of the Letter we focus on it. We note that it is
well separated from the exciton EL by the trion binding
energy, which allows one to easily select it experimen-
tally. Figure 2(b) shows the dependence of the trion EL
polarization on the magnetic field, which can have
qualitatively different shape. Provided R < 1, we obtain
Py = 2BB./(B* + B2,) [47]. So this dependence is
broad and slowly decays with increase of the magnetic
field, as shown by the black solid line in Fig. 2(b). With
increase of R, the narrow resonances appear in the
polarization at B = +B,,.,, as shown by the red dashed
and blue dotted lines. In the limit of R > 1, the dynamic
electron spin polarization effect basically reduces to the
magnetic circular polarization of exciton photolumines-
cence effect [35].

Single photon source.—The self-assembled QDs can be
easily embedded in micropillar cavities to enhance light-
matter interaction and to increase directionality of the
emission [38—41]. A sketch of the device is shown in
Fig. 3(a). Electrons and holes can be injected electrically
into the single QD and an additional contact to intrinsic
layer can allow one to change the rates y, and y,
independently. The electron hole recombination at the level
crossing (B = B.,) produces circularly polarized light,
and one can tune the microcavity resonance frequency to
select the emission at the trion resonance frequency and
suppress another frequencies.

The counting statistics of the emitted photons can be
described on the basis of Eqgs. (3) and (4). For R > 1, the
level crossing is described by y_ >y, > y,, and the
corresponding transitions between QD states are shown
in Fig. 3(b). The simplified kinetic equations read
dpy,,/dt = £y,(p, /2 — py/4), they are valid at the slow-
est timescale ~1/y,. After the trion recombination with
emission of ¢ photon, the system is left in the electron
spin-up state. The next photon cannot be emitted immedi-
ately after this, so the emitted photons are antibunched at
the timescale ~1/y,. However, at the longer timescale,
the increased occupation of the electron spin-up state
increases the probability of the second 6+ photon emis-
sion relative to the steady state. This leads to the bunching
of photons emitted from the device at the timescale
~1/y,. The second order photon correlation function
g (7) = (I()I(t + 7))/ (I"())? is shown in Fig. 3(c)
and decreases from 1.5 to 1. The antibunching at the short
timescale is not shown.

The antibunching at the long timescale can be achieved
by applying electrical pulses. Thus, we consider a small
constant hole capture rate y;, and a pulsed electron capture
rate y, during the pulse duration 7'. In this case, the QD is
initially charged with a single hole with the unpolarized
spin. After beginning of the pulse, satisfying Eq. (1), the EL.
appears. A single photon can be emitted immediately
after injection of an electron. However, the second photon
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(a) Sketch of a QD micropillar cavity with electron and hole injection. (b) Energy diagram of the QD states and transitions

corresponding to Fig. 1(b) in the resonant approximation. (c) Second order photon correlation function in the steady state. (d) EL
intensity (red dashed line) and second order photon correlation function (blue solid line) under pulsed excitation as functions of the pulse
duration. (e) The same as in (c) for R = 1/8, B = By/2 and with account for the nuclear spin relaxation time z¥ = 1/y,, (black solid
line), 10/y,, (red dashed line), and 100/y,, (blue dotted line). (f) Purified nuclear field distribution functions F (B, ) after detection of
N = 0 (black solid line), 1 (red dashed line), and 2 (blue dotted line) photons during the time 6.23/y,, calculated numerically for the
same R and B as in (e) [47]. The gray thin line shows the equilibrium distribution function.

cannot be emitted before another hole is captured with
the slow rate y,. As a result, the electric pulses produce
strongly antibunched EL when T < 1/y,, even if their
length is much longer than the radiative recombination time
and the inverse electron capture rate.

The photon statistics is described by the same kinetic
equations and the photon correlation function in the pulsed

regime is given by gﬁ,z)(T) = (n(n—1))/(n)? where n is

the number of emitted photons and the angular brackets
denote the quantum statistical averaging. It is shown in
Fig. 3(d) by the blue solid line as a function of the electrical
pulse duration (an explicit expression for it is given in the
Supplemental Material [47]). One can see a perfect anti-

bunching gfyz) (0) = 0 in the limit of the short pulses. Most

importantly, the EL remains antibunched [gﬁf)(T) <1]
even for the long pulses with 7' < 0.6/y, in contrast to
the steady state EL.

An important characteristic of the device along with the
circular polarization degree is its brightness [26,49-51]. In
our case, it is limited by the hole capture rate y;,, which
should be smaller than the radiative decay rate y,. As a
result, one can expect the single photon generation rates in
the megahertz range.

Manipulating nuclear spin state.—The interplay between
dark exciton radiative recombination and electron capture
becomes important beyond the resonant approximation,
B & By, or for small R. Then the nuclear spin fluctua-
tions determine the intensity of EL. As a result, the nuclear
spin dynamics contributes to the photon correlation func-
tion by increasing the bunching in the steady state and
introducing an additional timescale. This is illustrated in
Fig. 3(e), where we account for the nuclear spin relaxation

time 7 on the basis of the Fokker-Planck equation for the
nuclear spin distribution function for B = Bg,/2 [47].
One can see that it produces a longer tail in the photon
correlation function. Generally, the nuclear spin dynamics
in small magnetic fields is poorly investigated, and this
effect provides a unique opportunity to access it directly in
the experiment.

Moreover, photon detection modifies the collective
nuclear spin state and reduces its entropy due to the
quantum measurement backaction, as demonstrated in
Ref. [52] for a different system. The distribution functions
of transverse nuclear spin components F (B, | ) purified by
the selective measurement of 0, 1, and 2 photons during the
time 6.23/y, is shown in Fig. 3(f). The equilibrium
distribution function is shown by the thin gray line for
comparison. Its modification allows one to prepare
squeezed nuclear spin states [53] with smaller or larger
transverse fluctuations.

Discussion.—The dynamic electron spin polarization
effect allows for the generation of circularly polarized light
by QDs with the sizes of the order of 10 nm, which can be
directly integrated into the optical waveguides. We also
stress that in our concept of spin LEDs no magnetic
components are required, and the circularly polarized EL
is produced in a small magnetic field B = B, The
possible parameters of the device can be as follows
[28,44,54]: Beyen = 15 mT, Ap =3 mT, yy=1ns7},
ve = 10 ps™!, 7, = 1 ps™!, the circular polarization degree
for them exceeds 90% [47]. We note, however, that the
tunneling rates can be tuned in a wide range. A small
magnetic field can be easily switched to control the sense of
EL circular polarization.
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In conclusion, we have put forward a concept of spin-
LEDs based on the effect of dynamic electron spin
polarization due to the exciton fine structure tuning by
magnetic field and electron hyperfine interaction. In this
concept, the spin-LEDs do not require magnetic or chiral
elements and can produce completely circularly polarized
light, having a size smaller than the wavelength. By
embedding a single QD in a zero dimensional microcavity
one can get a device, which produces single circularly
polarized photons with variable helicity.
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