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Fano resonance is a fundamental physical process that strongly affects the electronic transport, optical,
and vibronic properties of matter. Here, we provide the first experimental demonstration of its profound
effect on spin properties in semiconductor nanostructures. We show that electron spin generation in InAs/
GaAs quantum-dot structures is completely quenched upon spin injection from adjacent InGaAs wetting
layers at the Fano resonance due to coupling of light-hole excitons and the heavy-hole continuum of the
interband optical transitions, mediated by an anisotropic exchange interaction. Using a master equation
approach, we show that such quenching of spin generation is robust and independent of Fano parameters.
This work therefore identifies spin-dependent Fano resonance as a universal spin loss channel in quantum-
dot systems with an inherent symmetry-breaking effect.

DOI: 10.1103/PhysRevLett.127.127401

Fano resonance (FR) emerges as a result of quantum
interference between two spectrally overlapping pathways
—one channel through a discrete level and the other via
continuum states [1]. The interference leads to a character-
istic asymmetric spectral line shape derived from destruc-
tive and constructive interference of the two pathways with
rapid changing of phase shift in the vicinity of the FR. FR
has been found in a wide variety of physical systems with
coexisting discrete and continuum states, including elec-
tronic transport in low-dimensional materials [2,3], optical
response of photonic devices and metamaterials [4–6], and
interactions in phononic systems [7–9].
In semiconductor nanostructures, FR is frequently

encountered when bound excitation, e.g., an exciton,
overlaps with a dispersed energy band, which greatly
reshapes the optical and transport properties of the nano-
structures [10–12]. The interference of excitonic or elec-
tronic states, accompanied by their spin wave function, is
expected to lead to intriguing physics and device innova-
tion for future spintronics and opto-spintronics. For in-
stance, there has been a theoretical proposal that FR can
realize functionality of a perfect spin filter [13–15] in which
transmission of unwanted spin orientation is suppressed
upon destructive interference of a spin-dependent FR.
Despite their anticipated importance, the effects of FR
on spin properties remain largely unexplored. Limited early
studies of spin-dependent FR are restricted to theoretical

calculations and have mostly focused on spin-dependent
transport [13,15–17]. Up to now, however, a direct exper-
imental determination of the FR effect on spin properties of
semiconductor nanostructures and of semiconductors in
general is still elusive.
Here, we provide the first experimental evidence for an

important and direct role of FR in optical spin generation in
semiconductor nanostructures. Using InAs/GaAs quantum-
dot (QD) structures (QDS) as a sensitive spin detector, we
show that optical generation of electron spin polarization in
a nearby ultrathin quantum well is completely quenched
when circularly polarized excitation is tuned in resonance
with FR formed between a light-hole exciton (XL) and a
continuum of the band-to-band (BB) transition between the
electron and heavy-hole (HH) subband (e-HH). The
observed quenching of optical spin generation is accom-
panied by the presence of a giant anisotropic exchange
interaction (AEI) of the XL, which suggests an effect of
localization and symmetry breaking due to the dot-well
interaction. Applying a master equation, we show that the
effect arises from destructive interference of electron spin
states induced by FR, which occurs independent of the
Fano parameters. Our work thus identifies that spin-
destructive FR can be a robustly realized spin-loss channel
in semiconductor nanostructures with a seemingly inherent
strong anisotropy.
Table I lists the set of self-assembled InAs/GaAs QDS of

different geometries that are investigated in this work. It
includes single QD (SQD), two samples of double QD
(DQD1 and DQD2), and quantum-dot cluster (QC). The
AFM images and photoluminescence (PL) of the QDS can
be found in Figs. S1 and S2 in the Supplemental Material
[18]. All the QDS were grown by molecular beam epitaxy
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under the Stranski-Krastanov mode, with a 1.8-monolayer
thin, coherently strained InAs quantum well, i.e., a wetting
layer (WL), being formed right beneath the QDS layer. A
detailed description of the growth parameters can be found
elsewhere [19]. The energy alignment of the QDS is
schematically illustrated in Fig. 1(a) and calculated in
Fig. S3 in the Supplemental Material. The dot-well struc-
ture facilitates a sensitive detection of electron spins
generated in the WL by monitoring spin polarization of
the electrons injected to the nearby QDS.
As illustrated in Fig. 1(b), optical absorption in WL

consists of (1) the continuum of the BB transitions between

the electron subband and theHHor light-hole (LH) subband,
denoted as e-HH or e-LH, respectively, and (2) the discrete
transitions from the corresponding HH and LH excitons,
denoted as XL and XH. Figure 1(c) shows a representative
PL excitation (PLE) spectrum measured over the spectral
range of the WL absorption by detecting the PL intensity of
the QC ensemble at 5 K arising from carrier or exciton
transfer from the WL. It reveals the aforementioned con-
tributions as illustrated in Fig. 1(b). XH at the lowest energy
is excluded from any overlap with the e-HH and e-LH
continuum absorption such that FR is absent. It can be fitted
well by a Voigt line shape (see the Supplemental Material)
with the correspondingGaussian andLorentzian broadening
of wG ¼ 5.2 meV and wL ¼ 1.1 meV, respectively, likely
as a result of inhomogeneous and homogeneous broadening.
In contrast, XL spectrally overlapswith the e-HHcontinuum
and exhibits an asymmetric line shape, which hints the
occurrence of FR.
Electron spin polarization can be generated in WL with

the so-called optical orientation technique [20], as illus-
trated in Fig. 2(a). Circularly polarized excitation, e.g., σþ,
creates spin-up (ms ¼ þ 1

2
) and spin-down (ms ¼ − 1

2
)

conduction band (CB) electrons under the interband exci-
tation involving LH and HH, respectively. Thanks to the
different oscillator strengths between the LH and HH BB
transitions, the photogenerated electrons acquire a net spin
polarization and can subsequently be injected to a nearby
QDS. Meanwhile, the hole spin is generally believed to be
completely depolarized due to a strong spin-orbit coupling
[21]. The measurement geometry of the optical orientation
is schematically shown in the right panel of Fig. 2(b) and a
more detailed description of the measurements is given in
the method section of the Supplemental Material. We
monitor such spin injection process by measuring the
σ�-polarized PL components (denoted as Iσ

�
) at the

emission energy of the QDS (EQDS in Table I) while
scanning excitation photon energy across the XL resonan-
ces. The resulting circular polarization Pcir:

PL ¼ Iσ
þ −

Iσ
−
=Iσ

þ þ Iσ
−
is displayed in Figs. 2(d)–2(f). When the

excitation photon energy is below XL where only e-HH is
involved, Pcir:

PL ¼ −2hszi directly measures the injected
electron spin projection hszi in the QDS. At and above
XL when both e-HH and e-LH participate and generate
electrons of opposite spin orientation, Pcir:

PL is expected to be
reduced as a result of compensation between these two
competing spin generation channels. Surprisingly, in all
QDS samples studied in this work regardless of their
difference in shape and emission energies, electron spin
polarization is negligible at low temperature when the
excitation is resonant with XL. This is evident from the
vanishing Pcir:

PL under both σþ and σ− excitation as marked
by the solid arrows in Figs. 2(d)–2(f). The observed
vanishing hszi in all QDS samples can only be explained
by complete quenching of optical spin generation in WL,
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FIG. 1. (a) Schematic diagram of the structure and energy
alignment of the QDS grown along the [0 0 1]axis. (b) Illustration
of the optical excitation to XH and XL at different energies.
Resonant excitation of XL overlaps with excitation of the e-HH
continuum. (c) PLE spectrum detecting QC emission measured at
5 K by scanning laser excitation photon energy over the interband
spectral range of the WL. The XH resonance is fitted with a Voigt
line shape, while the sum of the XL and e-HH contributions is
fitted with a Fano line shape given in Eq. (2).

TABLE I. Summary of the WL exciton energies, HH-LH
splitting ΔHH−LH and XL fine-structure splitting ΔXL

FSS in the
studied QDS, measured at 5 K. The emission energies of QDS
EQDS used in PLE measurements are also given.

QDS EXH
eV

EXLðyÞ
eV

EXLðxÞ
eV

ΔHH−LH
meV

jΔXL
FSSj

meV
EQDS

eV

SQD 1.445 1.485 1.481 39.6 3.6 1.081
QC 1.423 1.464 1.470 46.7 6.4 1.170

DQD1 1.383 1.449 1.439 66.4 10.4 1.241
DQD2 1.376 1.445 1.437 68.9 7.8 1.190
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rather than accidental compensation of electron spin
polarization between the optical excitation involving HH
and LH. Such compensation effect critically depends on the
relative PLE intensity between e-HH and XL, which varies
among the studied QDS [see Figs. 2(g)–2(i)] such that the
condition for complete cancellation should not be fulfilled
for all. A detailed estimation of the compensation effect is
given in the Supplemental Material.
To identify the physical mechanism for the complete

quenching of spin generation at XL FR, we closely
examine the spin properties of XL by employing PLE
spectroscopy with linearly polarized excitation (σx and σy)
following the measurement geometry shown in the left
panel of Fig. 2(b). Here, the x and y axes are defined along
the [1 1 0] and ½11̄0� crystallographic axes of the substrate.
Figures 2(g)–2(i) show the PLE spectra measured by
monitoring unpolarized PL emissions from the DQD1,
QC, and SQD samples under σx and σy excitation. XL is
found to consist of two bright exciton states, which are split
in energy (marked by the vertical lines) and have different
orientations of dipole moment (denoted as XLðxÞ and
XLðyÞ by their linear polarization direction). In Fig. 2(c),
PL intensity of QC under the resonant excitation of XLðxÞ
and XLðyÞ of WL (after removing a background contri-
bution from excitation of e-HH) is plotted as a function of
the excitation linear polarization direction. It confirms that
the dipole moments of the two XL resonances are orthogo-
nal and primarily along the two h110i axes, which
resembles the fine-structure splitting (FSS) commonly seen
for excitons in QDs due to AEI [22]. However, the FSS for
an ideal 2D exciton should vanish at Γ point [23]. The
observed FSS of XL is therefore attributed to the presence
of a local in-plane anisotropy such that XL is subjected to

AEI. We note that local confinement and symmetry break-
ing have previously been established for XH in WL in the
vicinity of a QDS [24]. In view of the commonly accepted
fact that QDs suffer in-plane anisotropy in shape, strain,
chemical compositions, etc., it is not surprising that local
areas of WL in direct contact with QDs also experience
corresponding in-plane anisotropy. The observed strong
AEI is expected to lead to a spin-mixed XL such that
electron spin generation via XL is not plausible. However,
as e-HH does not suffer AEI, a parallel spin generation
channel via e-HH spectrally overlapping with XL is still
capable of generating of finite spin polarization if there is
no coupling between XL and e-HH. The general observa-
tion of complete quenching of spin generation at the XL
resonance must then stem from FR between e-HH and XL.
An effective Hamiltonian describing both effects of AEI

and Fano interaction can be written with the basis of
optically allowed XL states jψσ

XLi and e-HH continuum
state jφσ

Ek
i as

H0 ¼
X
σ;σ0

HXL
σ;σ0 jψσ

XLihψσ0
XLj þ

X
σ;k

Ekjφσ
Ek
ihφσ

Ek
j

þ
X
σ;k

VHðkÞjφσ
Ek
ihψσ

XLj þ H:c:; ð1Þ

where σ,σ0 ¼↑ or ↓ denotes electron spin only. Ek is the
kinetic energy of the e-HH continuum state. VHðkÞ is the k-
dependent HH-XL coupling, which stems from coupling of
the hole subband. We replace VHðkÞ with VHðEkÞ, which
disregards for now the k-space orientation (θk), and discuss
its effect at the end. HXL

σ;σ0 ¼ EXLδσ;σ0 þ Jτx with EXL and J
being the exciton energy and strength of the AEI. τx is the
Pauli matrix operating on the spin subspace of XL.
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FIG. 2. (a) Selection rules of the BB transitions. (b) Measurement geometry under linearly (left panel) and circularly (right panel)
polarized excitation. (c) PL of QC by excitation at the two XL PLE peaks shown in (h) as a function of rotation angle of the excitation
linear polarization with respect to the ½11̄0� direction. (d)–(f) Pcir:

PL by detecting QDS emission when the excitation photon energy scans
across the XL resonances of DQD1, QC, and SQD under circularly polarized excitation. (g)–(i) PLE spectra under linearly polarized
excitation with the excitation polarization along either the [1 1 0] (x) or ½11̄0� (y) axis, by detecting unpolarized PL from the QDS. All the
experimental data were obtained at 5 K.
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We consider the optical spin generation under the
framework of a density matrix formalism. The details of
the derivation are given in the Supplemental Material. The
PLE spectra under σ− excitation are calculated from the
steady-state density matrix ρ, which can be cast to a
familiar form of FR:

Trfρg ∝
X
η¼x;y

Z
dE

jqη þ ϵηj2
1þ ϵ2η

Γ=Γ1jDHHj2
ðℏω − EÞ2 þ ℏ2Γ2

: ð2Þ

Here, ϵη ¼ ðE − Eη − FÞ=πjVHðEÞj2 is the dimensionless
energy with respect to the XLðxÞ or XLðyÞ resonance
energy (Ex or Ey). F is the coupling induced FR shift same
as in Ref. [1]. DHH, Dx

XL, and Dy
XL are respectively the

dipole moment element of e-HH, XL(x), and XL(y) under
circularly polarized excitation. Γ is the broadening param-
eter associated with optical excitation. Γ1 represents relax-
ation of WL transitions, which includes contributions from
recombination and injection to QDS. The Fano parameter
qη ¼ ½Dη

XL=DHH þ R
dEkVHðEkÞ=E − Ek�=πVHðEÞ is

sensitive to the oscillator strengths of XL and e-HH
transitions and also HH-LH coupling. Equation (2) con-
firms our experimental observation that the PLE spectra
show two FR features that occur at the two XL states split
by AEI.
The optical spin generation is obtained with hszi ¼

Trfρszg=Trfρg. Considering dephasing of optical excita-
tion only for energy degenerated states of Γ2, one obtains

Trfρszg ∝
Z

dEjDHHj2
�

ϵxϵy þ 1

ð1þ ϵ2xÞð1þ ϵ2yÞ
Refðqx þ ϵxÞðq�y þ ϵyÞg

�
2Γ=Γ2

ðℏω − EÞ2 þ ℏ2Γ2
: ð3Þ

For a large enough AEI (e.g., measured by the effective
AEI ϵxe ¼ J=πjVHðEkÞj2 > 1), ϵxϵy þ 1 ¼ 0 would
always have two real solutions at ϵ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵxe

2 − 1
p

, where
ϵ ¼ ðϵx þ ϵyÞ=2. In the absence of a broadening effect, it
leads to vanishing optical spin generation that is indepen-
dent of the Fano parameter.
The robust quenching of spin generation can be under-

stood as a result of destructive interference of spin wave
function at the FR. Because of the spin degeneracy,
excitation of the e-HH continuum states with circularly
polarized light creates two spin-mixed states jφx

Ek
i and

jφy
Ek
i coherently. Spin generation via the e-HH continuum

critically depends on their relative phase difference. As
illustrated in Fig. 3(a), the FR at two XL resonances
independently introduces a phase shift Δx and Δy for
jφx

Ek
i and jφy

Ek
i.Δx (Δy) develops a rapid π-phase change at

around XLðxÞ [XLðyÞ] resonance, which guarantees a
destructive interference of the spin wave function at
Δx − Δy ¼ �π=2.
In the above discussion, VHðkÞ is treated independently

of θk. The HH-LH coupling may alter for different θk. For
instance, in Luttinger-Kohn Hamiltonian [25], coupling of
HH and LH states with the same spin takes the form
VHðkÞ ∝ ðμ1e2iθk − μ2e−2iθkÞk2, where μ1 ≫ μ2 is found
for InAs. This is approximated by a phase factor e2iθk added
to VHðkÞ and qη. In Fig. 3(b), we show the simulated hszi as
a function of ϵ for θk ¼ 0 → π, which shows that θk has a
strong effect on the optical spin generation as evident from
the variation of hszi in the vicinity of the FR. Still, the
predicted quenching of spin generation as marked by the
dashed line remains intact. In Figs. 3(c) and 3(d), hρi and
hszi are calculated after integration over θk, which shows
robust quenching of hszi as identified by our experiment.

We note that the quenching of spin generation can be
shadowed by a broadening effect included in Eq. (3). This
is shown by the simulation results in Fig. 4(a) when an
effective broadening parameter γ ¼ ℏΓ=πjVHðkÞj2 is var-
ied from 0.1 to 0.4. The effect becomes more severe for the
lower-energy XL resonance in DQD1 and QC (see Fig. 2),
which is attributed to a weaker contribution of the exci-
tonic transition and a larger linewidth (see Fig. S7 in
the Supplemental Material). Furthermore, we have also
observed a recovery of optical spin generation at
T > 100 K. The temperature trend of Pcir:

PL is correlated
with an increase of homogenous broadening wL of the

(a) (c)

(b) (d)

FIG. 3. (a) Illustration of the two FR at XLðxÞ and XLðyÞ
resonance and the phase shift Δx and Δy associated with the FR.
(b) Simulated hszi in the absence of Lorentzian broadening for
qx ¼ 1.5eiθ, qy ¼ 3eiθ, ϵxe ¼ 3. (c) and (d) are the simulated
normalized hρi and hszi in the absence of Lorentzian broadening
for qx ¼ 1.5e2iθ, qy ¼ 3e2iθ, ϵxe ¼ 3 after integration of θ from 0
to 2π. In (b) and (d), the dashed line marks the predicted robust
quenching of spin generation at ϵ ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵxe

2 − 1
p

.
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exciton resonances as deduced from the Voigt line shape
fitting of XH from QC and DQD1 in Figs. 4(b) and 4(c).
We anticipate that wL of XH gives a reasonable estimation
of the XL broadening since the inhomogeneous linewidth
wG of XL is expected to be small. This is shown in Fig. S4
in the Supplemental Material by a comparison of the PLE
spectra detecting from different individual QCs. At the
same time, the magnitude of the XL FSS, jΔXL

FSSj, is not
noticeably changed over the entire temperature range.
To conclude, we have provided the first direct exper-

imental proof for a profound impact of FR on spin
properties, in particular electron spin generation, in a
variety of InAs/GaAs nanostructures. FR coupling between
the XL and e-HH continuum leads to complete quenching
of electron spin generation regardless of the large
differences between the studied QDS. This quenching is
shown to originate from the combined effect of FR and
strong AEI of XL, responsible for a coherently destructive
interference of the electron spin wave function. Both
experimental and theoretical investigations have demon-
strated that the FR-induced complete quenching of spin
generation is robust as it is independent of the FR
parameter. Our work has thus identified the important role
of FR in spin properties of semiconductor nanostructures,
e.g., a universal spin-loss channel, that could be tailored for
spintronic applications.
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