PHYSICAL REVIEW LETTERS 126, 107401 (2021)

Coherent Population Trapping Combined with Cycling Transitions for Quantum Dot
Hole Spins Using Triplet Trion States

Samuel G. Carter ,]'* Stefan C. Badescu ,2 Allan S. Bracker,] Michael K. Yakes,l’T Kha X. Tran,3
Joel Q. Grim ,l and Daniel Gammon'
'Naval Research Laboratory, 4555 Overlook Avenue SW, Washington, D.C. 20375, USA
2Air Force Research Laboratory, Sensors Directorate, Wright Patterson Air Force Base, Ohio 45433, USA
SNRC Research Associate at the Naval Research Laboratory, 4555 Overlook Avenue SW, Washington, D.C. 20375, USA

® (Received 8 September 2020; revised 7 December 2020; accepted 9 February 2021; published 8 March 2021)

Optical spin rotations and cycling transitions for measurement are normally incompatible in quantum
dots, presenting a fundamental problem for quantum information applications. Here we show that for a hole
spin this problem can be addressed using a trion with one hole in an excited orbital, where strong spin-orbit
interaction tilts the spin. Then, a particular trion triplet forms a double A system, even in a Faraday
magnetic field, which we use to demonstrate fast hole spin initialization and coherent population trapping.
The lowest trion transitions still strongly preserve spin, thus combining fast optical spin control with

cycling transitions for spin readout.
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One of the most attractive features of self-assembled
quantum dots (QDs) is their strong coupling to light, which
makes them excellent photon emitters and also allows for
fast optical manipulation of spin states. The ideal energy
level system for optical control of the ground state spin is a
A system in which both spin states couple to one excited
state. The double A system shown in Fig. 1(b) is commonly
achieved for singly charged QDs by applying a magnetic
field perpendicular to the optical axis (Voigt geometry).
This charged exciton (trion) system has been used to
demonstrate optical spin initialization [1], ultrafast spin
rotations [2,3], and coherent population trapping (CPT)
[4-7]. For spin readout, however, a cycling transition is
desired that results in the emission of many photons
without changing the spin state. This has been accom-
plished for singly charged QDs by applying a magnetic
field parallel to the optical axis (Faraday geometry), giving
a double two-level system shown in Fig. 1(a), with a
demonstration of single-shot spin readout [8].

Achieving both types of energy level systems for QDs in
one geometry has been quite challenging, as the require-
ments for spin control and readout are conflicting. Some
progress has been made with QDs in photonic crystal
cavities and waveguides that enhance one set of transitions
polarized with the cavity and inhibit the other set, making
one set useful for initialization and the other for readout
[9-12]. This technique requires a strong Purcell effect and
alignment of the transition polarization with the cavity.
Other approaches have been to use a spin selective ac Stark
shift to optically change the energy level structure [13] or to
make use of light-hole excitons [14—16]. There have also
been efforts with pairs of coupled QDs, which have
additional degrees of freedom that allow both A systems
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for control and cycling transitions for readout [17,18]. This
system, however, is more difficult to produce.

In this Letter, we report a new, simple approach to this
challenge for a hole spin in a single QD using trion states in
which one hole is in an excited orbital (often called “hot”
trions). In a Faraday magnetic field, the lowest trion states
form the well-known double two-level system in Fig. 1(a)
with two cycling transitions [8,19]. The next optical
transitions involve exciting an electron in the lowest orbital
(ep) and a hole in the first excited orbital (k). Using
photoluminescence excitation (PLE) spectroscopy, we find
that these triplet transitions can be very sharp (~8—10 ueV),
and one particular triplet forms a double A system in a
Faraday magnetic field [see Fig. 1(b)]. This happens
because transitions that normally would be forbidden by
spin selection rules become allowed due to spin-orbit
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FIG. 1. (a) Double two-level system for the s-shell charged
exciton in a Faraday magnetic field. (b) Double A system for a hot
trion with one hole in an excited orbital in a Faraday magnetic
field. Electron (hole) spins in e, (/) are represented by 1 (112),
and a hole spin in A, is represented by 1.
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coupling for a hole in higher orbitals. We use this A system
to demonstrate fast hole spin initialization as well as CPT.
This system provides for both efficient readout and fast
optical control and also has the advantage of improved
coherence of the hole spin over an electron spin, due to a
weaker hyperfine interaction [5,20-24].

The InGaAs QDs are grown by molecular beam epitaxy
on an n-doped GaAs substrate within a distributed Bragg
reflector planar cavity (see Supplemental Material [25]). A
vertical n-i-p-i-p diode within the cavity is used to charge
the QD with a single hole. Experiments are performed
between 2.8 and 5 K, at biases near the transition from one
hole to two holes in order to vary the spin relaxation rate
[30], either preventing or allowing optical pumping of the
hole spin.

The states considered here and their fine structure are
shown in Fig. 2(a). The ground state has one hole in the
lowest orbital (k). The lowest trion state (X)) has two
holes in h, and an electron in e,. The hot trion state (X))
has one hole in %}, another hole in 4, and the electron in
eo. The e, hy, and h; spins are represented by 1, 71, and
11!, respectively. The holes should be primarily heavy holes
with m; = £3/2. For X;{Oho the holes must form a spin
singlet, glVlng two states SY 112 with different electron spin
projections. The fine structure of hot trion states has been
explained in previous studies [31-37]. For X}, the holes
can be in a singlet state or triplet states split by the isotropic
hole-hole exchange energy Aj,. These trion states are
labeled by S,,, and T, , where my = m + m; is the total
spin pr0]ect10n for the electron (my) and two holes (m1;). As
has been reported previously, anisotropy in the hole-hole
exchange interaction results in a shift §,, of the m ] =0
triplet 7'! 112 relative to m,; = +3 triplets (T’ 152 and T 17/ 2)s
as well as shifts of the singlet S L1 [33] The electron- hole
exchange interaction further splits 7'« /o and T! 172 by
2A,,, which is much weaker than Ay, Asymmetric
electron-hole exchange is neglected. Each state is doubly
degenerate at zero magnetic field.

PLE spectroscopy is performed by tuning the laser
through the X, transitions and measuring emission from
X,J{OhO with a CCD spectrometer. In Fig. 2(b), the emission
spectrum of X, at B = 0 T shows a single main line. The
weak, lower energy line comes from X>*. Figure 2(c) plots
the PLE spectrum of the next transitions of the QD,
integrating emission from S‘il /20 showing three sharp triplet
lines ~3 meV below a broader singlet line. From the
transition energies, we obtain A, ~ 3, §,;, = 0.605, and
A,, = 0.234 meV. From the singlet-triplet structure, we
infer that the two holes must be in different orbitals, and the
small energy separation from Xj,, indicates that the
electron must be in ey. The triplet transition linewidths
are 8-10 peV, and the singlet transition linewidth is
52 peV. Higher energy PLE lines are also observed for
this QD (not shown) that have similar singlet-triplet
patterns but broader linewidths. These lines are assigned
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FIG. 2. (a) Energy level diagram of a QD charged with a hole,
showing optical transitions to the singlet and triplet hot trions
X}, nonradiative relaxation to the lowest energy trion X}y,
and emission to the ground state /. (b) Photoluminescence (PL)
emission spectrum at B = 0 T for the lowest energy trion X}y,
(¢) PLE spectrum of X,,; at B =0 T, collecting emission from
X h+0 10- With a laser power of 1 #W. Schematics of the QD electron
and hole energy levels showing occupation are inset in
(b) and (c).

to higher hole states (4,, h;). We note that none of these
transitions should be allowed for p-like /&, and s-like e,
due to zero electron-hole overlap, indicating mixed sym-
metry of orbitals [38,39]. Also, the TL 1’ transitions are
nominally forbidden by spin selection rules since they
do not change the spin projection by Am, = +1. These
“dark” trions have been observed in previous studies as
well [33,34].

More insight into these transitions is obtained by
applying a magnetic field along the growth direction and
optical axis (Faraday geometry). Figure 3(a) displays
spectrally resolved resonance fluorescence of X} hOhO at

= 1.5 T when driving the 7}° — 1 , and |0 —
transitions resonantly. Spectra are taken near the smgle hole
stability edge for fast hole spin relaxation to prevent optical
pumping. When driving one transition, there is no sign of
emission from the other allowed transition or from for-
bidden cross transitions (e.g., 1° — 9, 1), indicating these
transitions preserve spin (cycling transitions).

In Fig. 3(b), the PLE of the triplet transitions is displayed
at B=2T for 6" and ¢~ excitation, integrating emission
from both 5%, , lines. Both the T}, , and T , transitions
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FIG. 3.

(a) Spectrally resolved resonance fluorescence of XZOhO at B = 1.5 T with the laser linearly polarized at a power of 10 nW.

(b) PLE of the triplet transitions at B = 2.0 T, collecting light from both emission lines of X h+0,10, for 6 and 6~ excitation polarizations

at 1 yW. The sample is biased at Vy;,, =

—0.95 V at the charge stability edge for (a) and (b). (c) Energy level diagram showing the

triplets and the lowest energy singlets, with red (67) and blue (6") arrows showing the expected (solid) and unexpected (dashed)

optically allowed transitions.

split into two lines with opposite circular polarizations
while TL] 1’ splits into four lines, with two lines 6™ and two
lines o~. The energy level diagram in Fig. 3(c) displays all
of these transitions. Four transitions (solid lines) are
expected from spin selection rules in which a spin
+1eph, exciton ([f! or 1{!) is generated with o*
polarization in addition to the resident A, hole. The four
unexpected transitions (dashed lines) correspond to gen-
erating a spin +2¢eyh, exciton (11! or [{') with ¢F
polarization. This provides ac’ A system for Tl_1 ,and a
6~ A system for T'! R The double A system also occurs for
sl 112 (not shown). Moreover, a similar transition pattern
occurs for the next higher shell trion (Xj/,,). This pattern
has been observed in all three QDs measured.

The unexpected transitions that give rise to the double A
system are allowed due to spin-orbit coupling that is strong
for h; and weak for h; (see Supplemental Material [25]).
The spin-orbit coupling can be understood in terms
of an effective magnetic field due to motion in the
confinement potential [40]. The in-plane component of
the effective magnetic field is responsible for spin mixing
combined with orbital mixing. The state of the pre-
dominantly h; spin-up state can thus be written as
1 =alh) ) + 31 Bilhi)[I), where |h;) are the
orbital states, |{}) and ||}) are pseudospin states, and «
is expected to be nearly 1. This “tilted” spin }} explains all
of the unexpected transitions and their polarizations in
Fig. 3(c). For example, the triplet state (174" +
AU/ V/2 is given a small component 1°]}¢, with
one hole in an excited orbital, by substituting f}' — aft! +

A7 in the second term. This makes the transition from the
ground state ||° allowed with 6~ polarization, as observed.
Other forbidden transitions that are not observed (e.g., {}°
to L 1°") should still be very weak since they require a

spin mixing in &,. We also note that even with f8; < 1, there
can be a strong effect on the optical transitions due to
changes in the electron-hole overlap. The overlap is weak
for the nominally odd parity /; but can be much larger for
even parity orbitals (e.g., /13) that are mixed in, amplifying
the effect of the spin mixing terms on optical transitions.
From symmetry arguments and energy separations, we
expect that the dominant mixing term is with k3, a
nominally even parity d orbital with two nodes along
the same axis as h; [25].

There is also an effective spin-orbit magnetic field
component along the growth direction (z) that results in
spin-dependent mixing of orbitals, #; and h, (p, and p,),
while preserving the spin projection along z [41]. This does
not tilt the spin and change spin selection rules, but it does
result in an anisotropic hole-hole exchange interaction
[41,42]. This leads to a shift of 7' 15/2 and T 11/ down
in energy more than T!,,, resulting in the relative
anisotropic exchange shift (9y;,) observed in Fig. 2.

We have shown that the strong spin-orbit interactions of
the excited hole in the hot trion gives the double A system
missing in the Faraday geometry. Next, we show that this
double A system can be used to control the ground state
hole spin, starting with the ability to optically pump into a
particular spin ground state. When driving a particular trion
transition, optical spin pumping occurs when relaxation of
the trion has some chance of returning the system to the
opposite hole spin state being driven. This can happen with
any of the transitions in Fig. 3(c), including the lowest

energy singlet %, /20 though slowly [8]. We obtain fast
optical pumping using the new transitions in the trion
triplet. In Fig. 4, we focus on the A system formed with
T, /» and measure time-resolved optical pumping.
The hole spin state is first randomized by pulsed
excitation for 30 ns with linearly polarized light at
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FIG. 4. (a) Time-correlated photon counting of a 100 ns pulse
exciting two triplet transitions, with B =15T and
Viias = —0.97 V. Emission is collected from S(il /2 The inset
plots the decay rate as a function of drive power for the f}° —
T! 12 transition. (b) Energy level diagram showing excitation of
T, s» by either of two transitions, followed by nonradiative
relaxation (curved dashed arrows), primarily to S_1 /20 and then
emission into |°.

1388 meV, where transitions are broad enough to excite
both hole spin states. Then a 100 ns pulse excites one of the
triplet transitions. Figure 4(a) displays the time-correlated
photon counting of emission from $°, /> during this pulse
for excitation of the 1 —71, , and J°—T', , transi-
tions. The emission turns on rapidly with the pulse,
followed by an exponential decay to nearly zero as the
hole spin is pumped. At a peak power of 1 yW, the decay
time constants are 7.3 and 20.5 ns for the 1 — T, /> and
Y9 —T', , transitions, with initialization fidelities of 99%
and 97%, respectively [25]. The difference in peak inten-
sities is attributed to the relative oscillator strengths. The
differences in the decay times can be explained by the trion
relaxation processes illustrated in Fig. 4(b), in which 7' “12
primarily relaxes to %, /2 followed by emission to |} (see
Supplemental Material [25]). Driving 1° — Tﬁ 12 is thus
more likely to change the spin state than driving
U°—T!,,. As the excitation power is increased to
saturation [see inset of Fig. 4(a)], the pumping time through
the #* — T, , transition is only 1.5 ns, comparable to s-
shell trion pumping times in the Voigt geometry [1] and
about 3 orders of magnitude shorter than s-shell pumping
times in the Faraday geometry [8].

With a double A system in the Tlil /o states, coherent
control of the hole spin now becomes possible in the
Faraday geometry. In Fig. 5 we demonstrate CPT through
the trion triplet. This experiment was done on a different
QD from the same sample that shows very similar behavior
to that measured in Figs. 2—4 (see Supplemental Material
[25]). As shown in Figs. 5(a) and 5(b), a pump laser is
tuned to the || — T'! _,/, transition and a weaker sideband
probe is tuned near the 10 — 7', / transition, generated by
an electro-optic phase modulator. Emission from [° —
50 1/ is plotted vs the probe detuning in Fig. 5(c) for a
series of pump powers. The dip observed at 40.5 peV
corresponds to the formation of a dark state when the
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FIG. 5. (a) PLE spectrum of Tlil o at B = 0.4 T for the second

QD, using linearly polarized excitation at 0.6 yW. The bias is set
to the stability edge for fast hole spin relaxation. (b) Energy level
diagram showing the pump and probe driving the T', n A
system. (c) CPT measurements for a series of pump powers at
a bias 30 mV away from the stability edge, where hole spin
relaxation is much slower. Both pump and probe are polarized
ot. The arrows in (a) indicate the positions of the pump and
probe, correcting for the Stark shift between the two biases.
(d) CPT model for a series of Rabi frequencies matching
experiment.

frequency difference is equal to the ground state hole spin
splitting. This dark state consists of a superposition of {}°
and |}° with coefficients determined by Qpump/ Lprobes the
ratio of Rabi frequencies [43]. The probe power, which
varies some with the modulation frequency, is about 7% of
the pump power, giving an estlmate of Qprobe = Lpump/4-
To observe a strong CPT dip, Q2,,/T" > 1/T,, where I" is
the excited state relaxation rate and 7', is the spin coherence
time. We numerically model the CPT data using a three-
level A system [25,44,45], which includes spectral wander-
ing by weighted averages over variations in the spin
splitting and excited state energy. The model calculations
in Fig. 5(d), taken at the experimentally determined values
of Qyump [25], fit the experimental data quite well at low
powers. At higher powers, the dip appears to have relatively
sharp edges, and the broad peak has redshifted a little,
which both likely come from nuclear polarization effects
that are not captured in the model [46]. This model gives a
T3 of about 9 ns, which is short compared to similar
measurements in the Voigt geometry with 775 > 100 ns
[6,7]. To our knowledge, no measurements of the hole spin

107401-4



PHYSICAL REVIEW LETTERS 126, 107401 (2021)

T7 for InAs QDs have been performed in the Faraday
geometry, in which holes have a very different g factor and
the hyperfine interaction is stronger [7,20], so further study
is needed to characterize and understand this behavior.
This Letter demonstrates that hot trion states provide
additional energy levels for control and readout of spin. In
particular, the triplet T, jo states provide a double A
system in a Faraday magnetic field, due to spin-forbidden
transitions that are consistently allowed. These transitions
arise from tilting of the excited hole spin by the spin-orbit
interaction and occur for typical QD samples without using
any special techniques. Using this system, we demonstrate
fast initialization and CPT, while also showing that the
lowest trion transitions strongly preserve spin. This
addresses the long-standing challenge in QDs of combining
efficient spin readout with fast, coherent spin control in one
geometry. These higher energy transitions also have the
important advantage of being spectrally separated from the
emission, eliminating laser scatter with spectral filtering.
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