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Abstract

Starting with the discovery of a magnet known as a mysterious stone in
ancient times, the discovery of spin revealed through the modern Stern
Gerlach's experiment has had a tremendous impact on our lives and spurred
a big change in our life. Together with mass and charge, which are the basic
physical quantities of matter, spin is currently being applied in many places
of life. In particular, in the field of electronic devices for storing and
processing information, spin is an indispensable physical quantity.
According to the size of the system, I tried to classify the application into an
ensemble spin system that can be explained by a classical spin picture, and a
few-electron spin system that can be explained by a quantum spin picture. In
the case of classical spin, spin is used as a spin memory device and a spin
transistor in the spintronics field, and in the case of quantum spin, electron
spin is being applied in the field of quantum computing as a representative
field of quantum information. A common important part for these
applications is the technology to control and read the electron spin states
precisely.

My thesis is divided into two main parts. The first part is about the study
of detecting ensemble spins flowing on the surface of SmBe single crystal.
SmBg is a representative Kondo insulator, and theoretical and experimental
studies have been conducted to show that spin-momentum locking property
exists on the surface of SmBs. However, meanwhile, researches have not
been conducted with an electrical spin measurement method, and I tried to
use a method called potentiometric measurement where a ferromagnetic
material is used as a detector in order to measure the direction of ensemble
spin, and showed a spin polarized current flowing on the surface of SmBe.

In addition, by changing the positions of the terminals for current and



voltage, the spin polarized current induced by the ferromagnetic material is
measured using the SmBs surface state in reverse. These results can be
interpreted as an electrical measurement results showing that a spin-
momentum locking property exists on the SmBg surface.

The second part of the research is about forming spin singlet-triplet qubits
in GaAs quantum dot devices, and controlling and measuring their spin state.
In order to achieve spin-to-charge conversion of singlet-triplet qubit states, a
new method is demonstrated using energy-selective tunneling between
doubly occupied quantum dots and electron reservoirs, commonly called
Elzerman type readout. In order to further improve this method, real time
Hamiltonian parameter estimation is introduced to improve the fidelity of
energy-selective tunneling readout. Optimization of readout fidelity enables
to reduce a single-shot measurement time down to 16 ps on average, with
adaptive initialization and efficient qubit frequency estimation based on
real-time Bayesian inference. Active frequency feedback is also
demonstrated, resulting in quantum oscillation visibility, single-shot
measurement fidelity, and state initialization fidelity up to 97.7%, 99%, and
over 99.7%, respectively.

Depending on the physical size of the system, or whether the action value
of the system is near Planck's constant or not, an appropriate method should
be considered to control and measure the spin of the system. I believe that
my research can be helpful in this regard where how spin-to-charge
conversion, measurement setup and design for device structure should be
planned and expanded for precisely controlling and measuring spin states of

any quasiparticles.

Keywords : Spin measurement, Spin valve, Spin polarization, Spin
singlet—triplet qubit, Energy selective tunneling, Single—shot
measurement

Student Number : 2016—27344
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Chapter 1. Introduction
1.1. Background & Outline

My thesis is divided into two main parts. The first part is about the study
of detecting ensemble spins flowing on the surface of SmBe single crystal.
The second part of the research is about forming spin singlet-triplet qubits in
GaAs quantum dot devices, and controlling and measuring their spin states.
In this section, basic backgrounds are provided. Section 1.1.1 and 1.1.2 are
for the first part, ensemble spin system. Section 1.1.3~1.1.6 are for the

second part, a few-electron spin system.

1.1.1. Expansion of spin valves

A spin valve, which is the most basic form of spin devices, has a structure
where two magnetic layers exist and a non-magnetic material are inserted
between them as shown in Fig. 1(a). Electrical resistance of the spin valve
can change depending on the relative alignment of the magnetization of the
two magnetic layers, that is, parallel or antiparallel. This phenomenon is
known as giant magnetoresistive effect, and for this discovery, the 2007
Nobel prize in Physics was awarded (Fig. 1(b)). In such a spin valve, the
lower layer can be replaced with a layer through which spin polarized
current flows. Because spin polarized current flowing in the bottom layer
can act as an effective magnetization, similar magnetoresistive effect can be
observed. Recently, a spin polarized layer is created by injecting electron
spin into a non-magnetic layer, or by flowing a current through a material
with spin momentum locking properties. In this structure, top magnetic
layer can be used as a detector in order to measure the spin of the lower
layer by reducing the size of the upper magnetic layer [1]. This idea is called
potentiometric spin measurement, which will be explained in detail in

chapter 2 and 3.



(a) Potentiometric spin measurement (b)
Giant Magnetoresistance (GMR)

AF
Pinned layer
Nonmagnetic
Free layer

Basic spin valve Spin injection
Spin momentum locking

Fig. 1. (a) Schematic structures and variants of a spin valve. A current is applied
through two terminals, denoted by /, and change in a voltage is measured at a
ferromagnet contact, denoted by V. (b) Representative result for giant
magnetoresistance, showing large change in a resistance according to the relative

alignment of the magnetization of the two magnetic layers.

1.1.2. Surface states of topological insulators

Topological insulator has surface state in the gap and its Fermi level is
located in the gap, which introduces two remarkable properties in surface
states (Fig. 2.) [2]. One is electrical conduction through surface states and
the other is spin-momentum locking property where electrons traveling into
one direction should have their spins in a specific direction, usually
orthogonal to the direction of a current. Although these properties can be
demonstrated using other techniques such as spin angle-resolved
photoemission spectroscopy or ferromagnetic resonance, using a spin valve
device aforementioned is also effective method to demonstrate topological
nontrivial states due to simpleness or application prospect of the setup.
SmBs single crystal, a representative Kondo insulator, is a material system
that I am interested in, and the process of revealing the topological

properties of SmBg are shown in chapter 2 and 3.
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Conduction band

Energy

Valence band

Momentum

Fig. 2. An idealized band structure for a topological insulator. The Fermi
level resides in the bulk band gap where topologically-protected spin-textured

Dirac surface states exist [2].

1.1.3. Classical bits vs Quantum bits

From the past, it was important issues to quickly and accurately spread
the information meaning the message people wanted to convey. So, various
methods to convey the information were developed and used according to
the technological capabilities of the time. The telegraph using the modern
Morse code based on binary number was a revolutionary invention enabling
to transmit the information at the speed of light. However, it was difficult to
process and store the information using it. Recent semiconductor
technologies have made it possible to store, process and transmit
information quickly, and the key basic element, a representative product of
this technology, is field effect transistors (FETs). FETs are nono-scale
devices that can turn the flow of current on and off using electric field that
we can control quickly and accurately. When current flows through the FET,
the state of the FET corresponds to 1, and when no current flows, the state
corresponds to 0. Such a binary system can express arbitrary information
and is called classical bits.

On the other hand, the quantum bit is based on the quantum two level

3



system where the two possible states obeys the laws of quantum mechanics,
thereby showing the unique properties such as superposition and
entanglement. The quantum bit called qubit can be described as the linear
combination of |1} and |0} as shown below.
¥ = al0) + b|1), where lal* + [b]* =1

Arbitrary state of the qubit can be mapped on a Block sphere surface
where two bases are located at north and south poles, respectively, as shown
in Fig. 3. Block sphere is very useful tool because we can check easily the

changes of the state of the qubit with time.

Bloch sphere

Fig. 3. The Bloch sphere is a geometrical representation of the pure state space of a

qubit, named after the physicist Felix Bloch.

1.1.4. Types of spin qubit

The spin of electrons is a fundamental quantity along with mass and
charge. The spin interacts with the magnetic field, resulting in the system
having different energy levels which depend on the direction to the spin.
Furthermore, even without the magnetic field, the system energy can be
changed according to the spin direction because the electrons follow the
exchange statistics as fermions connecting the symmetry of spatial wave

function to the symmetry of spin wave function. Therefore, two level

4



systems where the energy of the system depends on the spin status are called
the spin qubits.

For the spin qubits operating with one electron, the two distinct states are
expressed as spin-up and down under an external magnetic field. The energy
difference between spin-up and down states is the Zeeman splitting. For
operation of the single spin qubit, the AC magnetic field with the frequency
corresponding to the Zeeman splitting is required for the coherent

oscillations between spin-up and down states [3], which is called by the

Larmor frequency w, =@ where g is the g-factor, up is the Bohr

magneton and B is the amplitude of the static magnetic field. The direction
of the AC magnetic field is perpendicular to the static magnetic field
direction. The coherent rotations can be performed around any vector in x-y
plane of Bloch sphere, the rotation axis can be determined by the phase of
the AC magnetic field. The angular frequency of the rotations is given by
the Rabi frequency:

_ §$FEBAC
2h

where g* is the effective electron g-factor and Bac is the amplitude of the

0

AC magnetic field.

For the spin qubits operating with two electrons [4], the two states for
operation are singlet and triplet states. In an external magnetic field, the
triplet state with spin 1 is split into three spin states:

g ITJ»}—_ |LT)
V2
T, = [t1)+141) T, = [TT), T_ = ILL)

5

W

The common choice for logical qubit is combination of the S and To
states because the S and Ty states with 0 magnetic quantum number are not
influenced by the fluctuation of the static magnetic field, making sure that
the leakage into other triplet states is minimized. The singlet-triplet qubit
can show the coherent oscillations around the z-axis due to the exchange

5



energy J (the energy difference between S and To). For universal qubit
control, qubit rotations around a second axis are needed, and can be realized
by the local magnetic field gradient between the two electrons generated by

the stray field of micro-magnet or the local nuclei.

1.1.5. GaAs heterostructures and device for the formation of the

quantum dots

In solid states physics, quantum dots are wusually referred as
semiconductor particles with a few nanometers in size, having discrete
energy levels due to quantum mechanical effects. In the early days of the
quantum dot research, the quantum dots were fabricated using etching
technique to form physical confinements in all directions. However, this
technique have disadvantages in tunability for quantum dots formation. The
method using electrical gates to form quantum dots emerged as a promising
technique where electrical gates form confinement potential in xy-plane and
confinement in z-axis is provided by 2DEG of semiconductor materials.

GaAs/AlGaAs heterostructures grown by molecular beam epitaxy (MBE)
are suitable systems to form gate-defined quantum dots. They provide
confinement potential in z-axis by a band engineering as shown in Fig. 4(a).
At low temperature, 2DEG is formed at the interface between AlGaAs with
larger band gap and GaAs with smaller band gap. Si delta doping layer
supplies free electrons in 2DEG and the spacer can reduce the events of
scattering of electrons occurred by inhomogeneous electric potential
induced by Si dopant atoms.

Fig. 4(b) shows the platform where the quantum dots can be formed,
showing a schematic of a semiconductor quantum dot device [5]. Nano
gates are fabricated on the surface through a nano fabrication and a voltage
is applied to the gate in order to create an electrical potential well in the
two-dimensional electron layer. By controlling the gate voltage, the desired

quantum dots array is formed. In order to measure the state of the qubit, for
6



example, single spin qubit, a current should flow near the qubit. The
information we can obtain by flowing an electric current is, in fact,
information about the entry and exit of electrons into quantum dots. In other
words, whenever an electron goes out and enters a quantum dot, the change
in current flow can be detected. This can be enabled by O = CV where Q is
charge, C is capacitance between qubit and senor, and V is effective voltage
applied to sensor, which is the relationship between the capacitive-coupled
quantum dot and the sensor. Since the C value is very small in the nano
device, the entry and exit of one electron from the quantum dot can lead to
applying the effective voltage to the neighboring sensor, resulting in

measurable change in current through the sensor.

(b) M Confinement gates
W Barrier gates

M Screening gates

Free Electrons

Spin qubit AQ = (‘AV
array H
i B f AQ ~10"" Coulomb
| - C~10" Farad

Noise sources @

(nuclear spins, spin- 5

orbit coupling..) ~ 10.> -
iy

Fig. 4. (a) Cross section of GaAs/AlGaAs heterostructure, showing the formation
of quantum well at the interface between GaAs and AlGaAs. (b) Schematic
structure of the quantum dot device where spin qubit array and charge sensor are

located in the potential well in 2DEG.

1.1.6. Energy diagram for singlet-triplet qubit in double quantum dots
[6]

In this section, energy diagram for singlet-triplet qubit is shown in Fig. 5
and why the diagram is drawn that way will be explained in a qualitative

way. In Fig. 5, labeling (m,n) means the absolute number of electrons
7



confined on the (left dot, right dot) in the ground state. When the total
number of electrons is fixed as 2, (2,0) and (1,1) charge states are focused
for operating the singlet-triplet qubit. Figure 5 shows the energy diagram for
singlet-triplet qubit as a function of detuning ¢ that is the relative energy
difference between the (2,0) and (1,1) charge states. For ¢ < 0, the charge
configuration in the ground energy is (2,0) where singlet spin state has
lower energy than triplet states because symmetric triplet states should have
anti-symmetric spatial part which makes one electron occupy orbital state
with higher energy, whereas, for € > 0, the ground charge configuration is
(1,1) where four spin states are accessible: the singlet, denoted S, and three
triplets, denoted T., To, and T+, corresponding to magnetic quantum number
-1, 0, and +1, respectively.

In the absence of interdot tunneling and an external magnetic field, the
singlet and triplet spin states in the (1,1) charge configuration are degenerate.
At a finite external magnetic field, T+ and T. states are split by the Zeeman
energy from the Ty state. When interdot tunneling is present, the (2,0) and
(1,1) charge states hybridize, resulting in an exchange splitting J(g) between
S and Ty together with forming an anti-crossing at € = 0. With decreasing
detuning from zero detuning, J(€) increases exponentially. For large positive
detuning, exchange splitting vanished, and S(1,1) and To(1,1) states become
degenerate. However, inhomogeneous magnet field in double quantum dots
induced by GaAs nuclei spin makes S(1,1) and To(1,1) states mix through
the hyperfine interaction, resulting in eigenstates being [Tl} and [LT) at

large positive detuning.
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Fig. 5. Energy diagram for singlet-triplet qubit as a function of detuning € with the
presence of interdot tunnel coupling and inhomogeneous magnetic field. Upper
right figure is a charge stability diagram including the region of interest. Lower box

shows the symmetry of singlet and triplet spin parts, and their spatial parts.
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2.1. Abstract

The Kondo insulator compound SmBg¢ has emerged as a strong candidate
for the realization of a topologically nontrivial state in a strongly correlated
system, a topological Kondo insulator, which can be a novel platform for
investigating the interplay between nontrivial topology and emergent
correlation-driven phenomena in solid state systems. Electronic transport
measurements on this material, however, so far showed only the robust
surface-dominated charge conduction at low temperatures, lacking evidence
of its connection to the topological nature by showing, for example, spin
polarization due to spin—-momentum locking. Here, we find evidence for
surface state spin polarization by electrical detection of a current-induced
spin chemical potential difference on the surface of a SmBs single crystal.

We clearly observe a surface-dominated spin voltage, which is proportional
10



to the projection of the spin polarization onto the contact magnetization, is
determined by the direction and magnitude of the charge current and is
strongly temperature-dependent due to the crossover from surface to bulk
conduction. We estimate the lower bound of the surface state net spin
polarization as 25% based on the quantum transport model providing direct

evidence that SmBg supports metallic spin helical surface states.

2.2. Introduction

Recent theoretical study identifies SmB¢ as a member of a newly
classified family of strong topological insulators, topological Kondo
insulators [1-4], in which topologically protected surface states reside in the
bulk Kondo band gap at low temperatures due to strong spin—orbit coupling.
Following the measurement of the robust surface conduction below several
Kelvin [5-7] superimposed with bulk insulating behaviour with a d—f
hybridization induced gap in the range of 10-20 meV at intermediate
temperatures below 300 K, many experimental efforts have been designed
to probe the topological nature of the surface conducting states in this
material [8-12].

While the two-dimensional nature of the surface band and surface spin
polarization has been confirmed by surface-sensitive probes such as
photoemission [11,13], and most recently, the magnetic resonance induced
spin pumping technique showed the possibility to inject a non-equilibrium
spin current into the surface of SmBe[12], direct electrical measurement of
surface current-induced spin—momentum locking, the unique feature of
topological insulators, has not been performed in a simple transport

geometry.

2.3. Results

2.3.1. Principle of potentiometric spin measurement

11



Figure 1(a) shows the simplified spin-momentum relation in SmBs near
the Fermi energy revealed by recent photoemission studies [11] for both X
and T" high-symmetry points. When the electrons are placed under an
electrochemical potential difference, for example, in the x-direction, the
electrons moving to the right (red arrow) have higher occupation than the

electrons going to the left (blue arrow), which leads to a difference between
the electrochemical potentials for spin up ¢ and down #¢; . This

momentum asymmetry leads to a spin polarized current in the y-direction
due to spin—momentum locking, thus the presence of the spin-momentum
locking property in the SmBs surface state can be shown electrically by
detecting the spin polarized current generated by the electrochemical
potential difference. We note that the surface bands in SmBs exhibit spin—
momentum relation, hence the sign of the expected spin voltage [14-16],
opposite to other topological insulators like BiSes [4,17], as we discuss
below.

Here, we use a specially designed potentiometric geometry, as shown in
Fig. 1(c), to probe the aforementioned spin-dependent chemical potential
difference induced by momentum imbalance. A bias current flows through a
non-magnetic contact on the SmBg surface with the (100) crystallographic
plane in the x-direction, and the transverse voltage Vxy is measured between

a permalloy magnetic contact (Py) and a reference non-magnetic contact.

Figure 1(d) shows the electrochemical potential for spin up 44+ and down

clectrons ¢, as a function of the SmBe¢ channel position. The

ferromagnetic contact can detect spin-dependent electrochemical potentials
according to its magnetization direction, and the spin voltage corresponding
to the difference between the electrochemical potentials for spin up and
down can be expressed as follows, based on the quantum transport model

[18,19].
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AV, =V (M)=V, (~M)= ‘Ib‘RBPFM(p.Mu), 1

where 4Vyy is the spin voltage defined as the difference of the measured

electrochemical potential Vxy between the opposite detector magnetization

M controlled by the external magnetic field ﬁext , and AVyy is proportional
to the magnitude of the bias current |/,|, ballistic resistance of the channel Rg,
spin polarization of the ferromagnetic detector Ppv, and inner product
between the spin polarization of the TI surface p and unit vector M, along
the magnetization of the ferromagnetic detector. As Eqn. 1 indicates, we
measure AVxy as a function of the experimental parameters such as the
direction and magnitude of /,, M and temperature 7" and confirm the current-

induced spin polarization on the surface of SmBe.

y
®)
ts

@ mm)

PMMA insulating layer

Fig. 1. Surface spin texture and potentiometric spin measurement in SmBs. (a)
Anti-clockwise spin texture for the surface band in SmBs near the Fermi energy
shown by spin and angle resolved photoemission spectroscopy and first-principles
calculations [2,11]. (b) Degree of electrons occupation in channel and spin-

dependent electrochemical potential under electrochemical bias. The length of the
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red and blue arrows indicates the degree of moving electrons with spin S. (c)
Measurement configuration for detecting spin voltage. Inset: optical microscope

image of the device. The scale bar is 100 pm. (d) Electrochemical potential with

respect to the position of the channel, illustrating concepts of the potentiometric

spin measurement.

2.3.2. Measurement of the current-induced spin polarization

We first show that an electrochemical potential bias can induce a spin
polarization that is reflected in a non-zero 4V, measured by the magnetic
detector. As shown in Fig. 2(a), Vxy is measured by sweeping an external
magnetic field in the y-axis Hy to control the detector magnetization
direction while applying I, along the x-axis. Figures 2(b) and 2(c) show
representative spin voltage data recorded with /, of +100 pA and —100 pA,

respectively. As the current is applied in the +x (—x) direction, where the
momenta of the electrons are in the —x (+x) direction, the direction of the
current-induced spin polarization is parallel to the —y (+y) axis due to the
anti-clockwise spin texture (see the insets of Fig. 2(b) and 2(c) for the
detailed directions of the electron momentum /I., p, and M). In both Fig. 2(b)
and 2(c), a high (low) voltage is measured when the M of the ferromagnet is
parallel (antiparallel) to p [14,20] (see 2.3.2.S1), consistent with the spin—
momentum relation in SmBe [2,4]. The measured voltage switches near the
coercive field of Py (see 2.3.2.S2), which can be explained by the fact that
the sign of p:Mu in Eqn. 1 changes when the direction of the magnetization
is switched. Moreover, the polarity of the hysteresis loop in Fig. 2(b) and
2(c) is the opposite reflecting the fact that the current-induced spin
polarization direction is dependent on the direction of /,. More specifically,
the measured 4Vxy, which is a difference between Vxy (M//y-axis) and Vxy
(M//-y-axis), is shown in Fig. 2(d) as a function of I, and exhibits a clearly
linear response. Therefore, the measured ferromagnetic spin voltage as a
function of the magnitude and direction of M and I, strongly indicates

14



electrical measurement of the current-induced spin polarization on the
surface of SmB¢. Additionally, we find spin-to-charge conversion in the
SmBs surface state through a reciprocal geometry measurement consistent
with the Onsager reciprocal relation (see 2.3.2.S3). In section 2.3.2.S54, we
further discuss the degradation of 4Vxy in the non-linear transport regime at
high || due to Joule heating and subsequent bulk carrier population [21].
The second equality in Eqn. 1 provides a quantitative estimation of the
degree of surface ensemble spin polarization |p|. We estimate |p|, extracted
from the slope of 4Vxy(ly) dependence (see Fig. 2(d)), as ~ 25%, based on
the following experimental conditions and assumptions: 1/Rp is given by

g*/h times the number of modes krW/ 7T , where W = 500 um is the width
of the current channel, the total Fermi wave number kr (0.67 A™") [13] can

be determined as krat+2krp, where kro and krp are the Fermi wave numbers
of the a and § bands in the first Brillouin zone, respectively, and the Prm of
Py at low temperatures is 0.38 [22]. We note that this is a conservative
estimation of |p| since we assume 100% single-surface-dominated
conduction, as well as perfect operation of ferromagnetic detector. The
inclusion of experimental imperfections, such as the current path through
not only the top but also the bottom surface [6], possible (although small)
current leakage through bulk or imperfect detection efficiency of the
ferromagnetic detector, will only make the estimation of |p| higher, so that
our estimation sets the lower bound of the surface current-induced ensemble

spin polarization of SmBe.
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Fig. 2. Measurement of current-induced surface channel spin polarization. (a)
Schematic of the transport measurements. A constant current / is applied in the x-
direction while sweeping a magnetic field in the y-direction, which is orthogonal to
the bias current direction (co-linear with the spin polarization direction). (b), (c)
Magnetic field dependence of the voltage measured at the ferromagnetic contact
for I, of (b), +100 pA and (c), =100 pA . Inset: black, red and blue arrows
indicate the direction of the electron momentum I., p and M respectively. (d)

Dependence of spin voltage 4Vxy on I, measured at 1.8 K.

2.3.2.S1. Principle of spin-dependent electrochemical potential detection

Figure 2.S1 shows schematics of density of state of 4s and 3d electrons in
ferromagnetic detector and spilt electrochemical potential for spin up and
down under positive Iy in the SmBg channel. Left (right) schematic density
of state is corresponding to ferromagnetic detector whose M is parallel to
the —y (y) direction and its majority spin direction points in the y (—y)
direction due to the negative charge of electron. When the current is applied

in the x direction, split electrochemical potential for spin up (y-direction)
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and down (—y-direction) is depicted in the middle of two density of states.
Typical ferromagnet metals like Fe, Co, and Ni have strongly minority-
dominated bands near the Fermi energy so one would expect minority spin
of ferromagnet is mainly connected to the TI channel. But due to the
tunneling process involved in the structure the s-like electrons with a lighter
effective mass contribute more compared to d-like electrons which are
expected to decay rapidly into a barrier. Since the s-like electrons tend to
have opposite spin in sign, the dominant spin direction in the tunneling
process is parallel to majority spin direction of ferromagnet. Consequently,
ferromagnetic detector can mainly read out electrochemical potential for
spin whose direction is parallel to its 3d majority spin direction [16].
Therefore, in case of positive I,, when M points to the y (—y) direction,
ferromagnetic detector measures electrochemical potential for spin down
(up), as a result, low (high) voltage is observed when M is parallel to the y
(—y) direction because measured voltage sign is opposite to the sign of

electrochemical potential.

D.(E) majority spin  minority spin Di(E) DT(E) minority spin  majority spin DL(E)
M -y My

Fig. 2.S1. Schematics for principle of spin-dependent electrochemical potential

detection. The schematics express the situation same with the situation of Fig. 2(b).

2.3.2.52. Magneto-optic Kerr effect (MOKE) for ferromagnetic detector

The magnetic characteristics of the ferromagnetic detector were confirmed
by using MOKE [23]. As shown in Fig. 2.S2(a), y-component of
magnetization of Py can be measured by detecting elliptically polarized light
reflecting from Py layer when linearly polarized light whose spot size is
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about 2 pm is focused on Py layer. Kerr signal proportional to y-

component of the magnetization is obtained from elliptically polarized light
at room temperature while sweeping an external magnetic field in the y axis
as shown in Fig. 2.S2(b). Abrupt change of Kerr signal at about +5 Oe
indicates that the direction of the magnetization is switched in the magnetic
easy axis by magnetic domain wall motion and this small coercive field is
due to thermal assist switching at room temperature. At low temperature,
coercive field can increase [24], which can explain ~ 50 Oe coercive field of

Fig. 2(b) and (¢).
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Fig. 2.52. MOKE signal from ferroamagnet detector (Py). (a) Schematic of MOKE
measurement. (b) Kerr signal with respect to an external magnetic field along the

y-direction.

2.3.2.S3. Onsager reciprocal relation

Potentiometric measurement in the main text shows that charge-to-spin
conversion occurs in SmBg surface channel due to spin-momentum locking
property. Conversely, measurement that shows spin-to-charge conversion is
also possible using reciprocal measurement geometry [19,25]. As shown in
Fig. 2.S3(a), a bias current flows from magnetic contact Py to non-magnetic
contact and transverse voltage Vyx i1s measured between non-magnetic
contacts positioned along the x-axis while sweeping an external magnetic
field along the y-axis. Figure 2.S3(b) shows the measured Vyx recorded with
Iy of 100 nA which has Onsager reciprocal relation with the result of Fig.

4(b). This result demonstrates that charge-to-spin and spin-to-charge
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conversion are reversible each other.

(a),z (b)

Vix (V)

2200 -100 0 100 200
Hy (Oe)

Fig. 2.83. Reciprocal measurement. (a) Schematic of reciprocal measurement. (b)

Vyx measured by sweeping an external magnetic field in the y-axis under I, of

100 pA at 1.8 K.

2.3.2.54. Joule heating effect

When current sufficient to cause energy dissipation through Joule heating
is applied, thermally activated bulk carriers are generated, eventually,
carriers through surface state decline [21]. The local increase in SmBg
temperature by current was measured using an additional temperature
detector near the surface of SmBs in Ref. [21]. The Cernox thermometer
was used as an additional temperature detector and N greased cigarette
paper was placed between the Cernox thermometer and the SmB¢ surface to
make sure thermal anchoring and electrical insulation. Thus, because only
carriers in surface state have helical spin texture, applying high current can
degrade spin voltage signal [16,26]. Figure 2.S4(a) shows 2 point voltage
Vxx measured by changing 7y, and its differential (Fig. 2.S4(b)) indicates that
highly non-linear behavior with /7, exceeding 1 mA. As shown in Fig.
2.54(c), Vxy is measured by sweeping an external magnetic field in the y-
axis while applying 1 mA current in the x-axis, which is same measurement
configuration with Fig. 2. When 1 mA current is applied, hysteresis loop of
Vxy shown in Fig. 2 completely disappear, which we attribute to increasing

bulk carriers due to local Joule heating by current. The result provides

19



another evidence that the measured spin voltage in the main text in the

linear regime originate from surface dominated conduction.
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Fig. 2.S4. Joule heating effect on spin voltage. (a) 2 point voltage Vi with

varying I,. (b) Differential resistance as a function of /. (¢) Vxy measured by

sweeping an external magnetic field in the y-axis under |/,| of 1 mA at 1.8 K.

2.3.2.S5. Reproducibility of spin voltage

Same measurement presented in Fig. 2 was carried out in another SmBg
device. Figure 2.S5(a) (2.55(b)) shows Vxy meaured in another device with
applying I, of +150 pA (—150 pA) at 1.8 K. As discussed in the main text,
the non zero the 4Vxy and opposite polarity of hysteresis in Fig. 2.S5(a) and
(b) reflects current-induced spin polarization in similarly prepared SmBs
crystal. The exact magnitude and switching field strongly depends on the
detailed condition at SmBs /Al2O3/Py interface. Nevertheless, the result
shows the robustness of spin voltage detection scheme performed in the

present manuscript.

(a) T T T T

1.0
. 0.5
E 0.0
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-1.0
-1.5
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Hy (Oe) Ry (Qe)

Fig. 2.S5. Spin voltage in similarly prepared SmBs device. (a), (b) Magnetic field
dependence of Vx, measured at the ferromagnetic contact under /1, of (a), 150 pA
and (b), —150 pA.
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2.3.3. Exclusion of possible artifacts
To further confirm the origin of Vxy, in particular to exclude the possibility
that the hysteresis loops of Vxy in Fig. 2 could be due to spurious effects

such as the planar Hall effect from the fringe field of the ferromagnetic

detector [27], we perform a control experiment by applying Hext in the x-

direction, where M is orthogonal to p. Figures 3(a) and 3(b) show the results

of the Vxy when applying H ext in the y-direction and x-direction,
respectively, and the insets show the direction of I, p and M like shown in
Fig. 2(b) and (c). Compared to Fig. 3(a), when the magnetic field is swept in
the x-direction, we do not observe the spin chemical potential difference
AVxy at high positive or negative Hx, reflecting that the measured AVxy
clearly follows the current-induced spin polarization origin, as p-Muterm in
the Eqn. 1 indicates. The intermittent non-zero signal in Fig. 3(b) likely
stems from the magnetic domain, whose transient magnetization direction
has some y-axis component. The result shows that the measured AVxy
depends on the projection of the spin polarization onto the detector

magnetization direction consistent with the spin-texture model of SmBs.

@ os4fr_qgk ' 1 Bloab,_ygx | 7

100 pA 100 pA

- 0.2
>
3.
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-0.4 | | |
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Fig. 3. Magnetization orientation dependence of spin voltage. (a), (b) Vi as a
function of an external magnetic field swept (a), in the y-direction, and (b), in the

x-direction under /, of 100 pA at 1.8 K. Inset: black, red and blue arrows show the

direction of the electron momentum I, p and M respectively. Detector
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magnetization M is aligned (a), in the y-direction (perpendicular to current) and (b),

in the x-direction (parallel to current).

2.3.4. Temperature dependence of the spin voltage

We now turn to discussing the surface origin of the measured spin voltage.
The potentiometric measurement performed at 1.8 K already shows
evidence of spin polarization in the surface-dominated transport regime. We
further confirm this by investigating the temperature dependence of AVxy
with the concurrently measured temperature-dependent charge conduction.
As shown in Fig. 4(a), the temperature-dependent electrical resistance R(T)
of SmB¢ exhibits thermally activated behaviour at intermediate temperatures
below 12 K, before saturating at an approximately temperature-independent
value below several Kelvin, typically 4 K, strongly supporting the model of
the insulating bulk with metallic surface states, as previously probed by
other techniques [5,7]. Performed at temperatures ranging from 1.8 to 4.5 K
(marked by red dots in Fig. 4(a)), Fig. 4(b)—4(g) show Viy as a function of

Hy under |ly| of 100 pA . Strong temperature dependence is observed with

vanishing AVxy at ~ 4 K, which closely follows the crossover from surface-
to bulk-dominated charge conduction around the same temperature (see the
inset to Fig. 4(a)). Moreover, when we consider parallel two channels
combined with surface channel resistance independent of temperature and
bulk channel resistance dependent on temperature, the ratio between current
flowing through surface channel at different temperature is determined by
the ratio between total resistance at different temperature. From 1.8 to 4 K,
the overall resistance is reduced by 60%, while 4Vxy nearly completely
vanishes, which indicates that the additional spin polarization reduction
such as spin flip scattering between the surface and bulk conduction
channels or spin current cancellation between opposite spin polarization of
the surface and bulk spin Hall effect may be important to understand net

spin polarization at elevated temperatures. Overall, the results not only
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confirm that the measured 4Vxy indeed originates from a surface-dominant

effect, but also show that bulk SmBs does not exhibit spin—-momentum

locking.
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Fig. 4. Temperature dependence of the spin voltage and resistance of SmBs. (a)

Electrical resistance of SmBg as a function of temperature. Inset: spin voltage AVyy

as a function of temperature. (b)-(g) Vxy measured by sweeping H ext parallel to
the y-axis under a bias current of 100 pA at different temperatures, 1.8 K (b), 2.5
K (c),3K (d),3.5K (e), 4 K (f) and 4.5 K (g).

2.3.5. Magnetic field angle dependence of the spin voltage
The fact that the surface-dominated AVxy shows a clear in-plane

anisotropy with respect to the directions of /, and M provides strong
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evidence for a spin—-momentum locked surface spin polarization in SmBe.
However, the described measurements alone do not distinguish the in-plane
vs. out-of-plane nature of the spin polarization in SmBe. We finally discuss

this by showing an angle-resolved spin voltage measurement. We apply 2 T

of ‘ﬁext to ensure saturation of M to the direction of Hext and rotate the

field in the y-z plane as shown in Fig. 5(a), where v is the angle between the

direction of M and the y-axis. |ly| of 300 pA is applied in the +x or —x

direction, and y-dependent Vxy is recorded at 2 K. For an accurate spin
voltage analysis, the Hall voltage with sin y dependence (proportional to the
z-component of an external magnetic field), as well as higher-order
magneto-resistance components were excluded from the raw Vyy data (see
2.3.5.S1). Figure 5(b) shows the resulting A4V, (y) in polar coordinates
normalized to the maximum spin voltage AVxy, max. The vanishing spin
voltage in the out-of-plane configuration (y = 90°or 270°), while 4Vxy, max
occurs near y =0° and 180°, clearly indicates an overall in-plane ensemble
spin polarization on the surface of SmBs within the experimental error of
the field angle calibration of several degrees. We note that the actual angular
distribution of AVxy in SmBs may have a richer structure than a simple
cosine function (compare Fig. 5(b), the data and the fit represented by the
solid line), which may stem from the non-atomically flat surface
morphology of the polished SmBg crystal or, possibly, from the combined
effects of multiple conduction surface bands in SmBs. However, more
precise determination of AVxy (y) is not possible with the signal-to-noise

ratio of the current experiment, and we leave it for the future work.
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Fig. 5. Angle-resolved current-induced spin polarization. (a) Schematic
measurement configuration for potentiometric measurement with rotating magnetic
field in the y-z plane, where y is angle between the applied external magnetic field
and the y-axis. (b) Polar plot of normalized 4V, as a function of y showing the in-

plane character of the current-induced spin polarization in SmBe.

2.3.5.S1. Hall voltage and higher order magneto-resistance component
removal from angle resolved spin voltage data
To explain the procedure for attaining angle resolved current-induced

polarization in Fig. 5(b), raw data for y angle dependent Vxy (y) is shown in
Fig. 5.S1(a), (b) which can be approximately expanded as follow.

Viy (Y) = AVHau sin y + Vatold cos 4y + Vpin COS ¥ (S1)
There are three main terms which contribute to Vxy (y) : normal Hall (4 Van
sin ), four fold magneto-resistance (Vafo1a cos 4y) and current-induced spin
polarization (Vspin cos y) contributions. At first, amplitude of Hall voltage
AVuan is determined by difference between Vxy at 90° and 270° in Fig.
5.S1(a), (b). After removing Hall voltage from Fig. 5.S1(a), (b), we get
results containing both four fold magneto-resistance term with which similar
four fold symmetry in measured voltage has been reported previously in
SmBe [28,29] and current-induced spin polarization term as shown in Fig.
5.51(c), (d). Using difference in symmetry between cos 4 y and cos y terms,
we can get spin voltage by using following equation.

AVxy (v) = Vxy (¥) = Vxy (yF180°) = 2V5pin cos (52)
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In this way, spin voltage 4Vxy (Y) can be obtained as cosine function, which

is presented as the solid fit in Fig. 5(b).
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Fig. 5.81. Raw data for y angle dependent Vi,. (a), (b) Raw data for y angle
dependent Vxy for I, of (a), +300 uA and (b), =300 pA along the x-axis. (¢), (d)
y angle dependent Vi, after subtracting normal Hall voltage from (c), Fig. 5.S1(a)
and (d), Fig. 5.S1(b).

2.4. Methods
2.4. Methods

2.4.1. Material growth

Single crystals of SmBs were grown with Al flux, starting from elemental
Sm and B with the stoichiometry of 1 to 6 in a ratio of SmBes : Al =1 : 200—
250. The initial materials were placed in an alumina crucible and loaded in a
tube furnace under Ar atmosphere. The assembly was heated to 1250—
1400 °C and maintained at that temperature for 70—120 hours, then cooled at
—2 °C/hr to 600-900 °C, followed by faster cooling. The SmBs samples

were put into sodium hydroxide to remove the residual Al flux.
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2.4.2. Device fabrication

An Al layer of 2 nm was deposited on the polished (100) surface of SmBs
by using electron beam evaporation followed by oxidizing on a hotplate in
ambient conditions (see Supplementary Information S7 and S8). The
resulting thin Al oxide layer prevents direct contact of the ferromagnetic
electrode with SmBs. Standard e-beam lithography was used to make
electrode patterns. A permalloy (Py) layer was used as a ferromagnetic

detector for spin chemical potential measurement, with the lateral size of

150 x 150 lez and thickness of 20 nm deposited and capped with 15 nm

of Au using electron beam evaporation. Non-ferromagnetic contacts used
for the source, drain and reference electrodes were formed by e-beam
lithography patterning and Al oxide etching with a buffered oxide etchant
followed by depositing Ti at 5 nm/Au 80 nm using electron beam
evaporation. For the Au electrode acting as the wire bonding pad for the
ferromagnetic contact, additional insulating layer was made below the metal

layer by an overdosing electron beam on electron beam resist (PMMA

950A6) with a dose of 10000 LC/ cm’ (see the inset to Fig. 1(c)).

2.4.2.S1. Sample preparation and RMS roughness

Raw crystal of SmB¢ shown in the Fig. 2.S1(a) was polished with Al,O3
polishing pads whose Al>Oj3 particle size was 50 nm. The polished crystal in
the Fig. 2.S1(b) was subsequently dipped into the buffered oxide etchant
(BOE) for 20s to remove possible oxide on the surface. The RMS roughness
for polished crystal is 904 pm as shown in the Fig. 2.S1(c), which is about
four times larger than 250 pm, the RMS roughness of SiO», which is often
available. Nevetheless, we could detect the spin voltage, which imply that
SmBs may have a topological surface state protected by time reversal

symmety.
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Fig. 2.S1. SmBs single crystal and its RMS roughness. (a) Raw crystal of SmBs
without polishing. (b) Polished crystal of SmBs using Al,O3; polishing pads. (c)

RMS roughness for polished crystal measured by atomic force microscope.

2.4.2.82. Current-voltage characteristics in Al/Al oxide/Al junction

In order to measure the quality of Al oxide in the main text, Al/Al
oxide/Al junction was made. First, the horizontally oriented Al was made to
be 30 nm thickness, and then oxidized on a hotplate 150°C for 10 minutes in
ambient conditions, which is the same way that the Al oxide of the main text
was made. The device was then completed by making the longitudinal Al
with 30 nm thickness as shown in the Fig. 2.52(a). 2 point current-voltage
characteristics in Al/Al oxide/Al junction were measured using Keithley
2400 at 1.5 K and 300 K and corresponding results are shown in the Fig.
2.S2(b) and (c), respectively. The current-voltage characteristics exhibit a
non-linear behavior, showing typical tunneling transport. As temperature
changed from 300 K to 1.5 K, the junction resistance increased by a factor

of 6, implying a uniform pinhole free Al oxide.
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Fig. 2.S2. 2 point measurement in Al/Al oxide/Al junction. (a) Schematic of
measurement and optical microscope image for Al/Al oxide/Al device. (b), (¢)

Current-voltage characteristics measured at temperature (b), 1.5 K and (¢), 300 K.
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2.4.3. Transport measurements

The device was placed in a Quantum Design PPMS variable temperature
cryostat for low-temperature electrical measurements. For current-induced
spin polarization measurement, both DC and AC type four-point probe
measurements were performed. A DC (AC) current was applied through the
SmBgs surface channel from the non-magnetic contact source to drain using
Keithley 2400 (Keithley 6221) instruments, and a Keithley 2182
nanovoltmeter (Stanford Research Systems SR830 Lock-in amplifier) was
used for detecting a voltage difference between the Py and reference Au

contact.

2.5. Conclusion

A simple potentiometric geometry with a ferromagnetic contact enables
direct electrical measurement of spin chemical potential in the proposed
topological Kondo insulator SmBs. Unlike the situation in conventional
topological insulators like Bi»Se3[30,31], the location of the Fermi energy,
pinned near the hybridization-induced gap due to the Kondo mechanism,
guarantees surface-dominated transport in SmBe¢ at low temperatures,
thereby allowing clear surface spin voltage measurement even without
extrinsic chemical doping [32] or gating technique [33,34] conventionally
used for non-ideal topological insulators [31]. The absence of chemical
doping or surface gating makes it very likely that the SmBg studied here is
free from surface band bending related two-dimensional electron gas [35],
further confirming that the measured spin voltage mainly stems from the
intrinsic surface spin polarization. However, we do not rule out, although it
is estimated to be small [18], the possible contribution from the detailed
spin textures of the structural-symmetry-broken Rashba surface states, the
spin voltage sign of which cannot be distinguished from the topologically

protected surface state in the case of SmBs, as noted earlier, since, unlike
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Bi2Ses, SmBg¢ shows the same anti-clockwise spin texture as that of
Rashba surface states in most cases [11,18]. Further systematic study on
the in-plane magnetization angle dependence or high-resolution spin-
resolved photoemission combined with theoretical calculation is needed
to fully separate the topologically nontrivial and trivial spin polarization
contributions. Nevertheless, with the ability to clearly measure the intrinsic,
surface-dominated spin polarization in strongly correlated systems, this
approach provides potential for both fundamental and applied spin transport

studies in newly proposed topologically nontrivial states of matter.

2.5.S1. Comparision of current-induced spin polarization with other
spin-to-charge conversion factor

SmBgs has anti-clockwise spin texture for the surface state as shown in Fig.
1(a). Due to this anti-clockwise spin texture, p of SmBg is opposite to that of
BixSes, conventional topological insulator. This fact is consistent with our
current-induced spin polarization analysis in the paragraph corresponding to
Fig. 2 and is also consistent with the negative spin Hall angle of SmBs
confirmed by spin orbit torque measurement [36]. The magnitude of p also
can be compared with other spin-to- charge conversion factor such as
inverse Rashba Edelstein effect length or spin Hall angle. First of all,
inverse Rashba Edelstein effect (IREE) length, ARk, can be obtained using

following equation [19] to compare with the spin Hall angle, OsuE.

pd

e = Amggpdes Ager = =

(S3)
In spin-momentum locked surface, charge current density in A m™, j, and
spin current density in A m?, js, are connected through Arer that is
proportional to spin polarization, p, and mean free path, A. In SmBe, because
B band electrons mainly contribute on surface conduction, A for B band (55
nm) can be used to obtain Arge [37]. In our case, Aireg is 2.63 nm, which is

one order larger than Arge in BixSes, typical topological insulator. Although

spin Hall effect (SHE) occurs in 3D bulk heavy metal, we can try to assume
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very thin surface layer in which SHE occurs to convert Airgg to Osue. When
the interface layer thickness, ¢, is less than spin diffusion length, Osue can be

expressed as [38]

Osnetis (S4)

. 1
.-ilc_E

If we assume the surface layer thickness is 0.4 nm, we can get Osue of 13.15
from %HFHEJ_‘ = Azee, implying that there exist strong interfacial effect by

topological surface state.
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3.1. Abstract

We report the measurement of spin current-induced charge accumulation,
the inverse Edelstein effect (IEE), on the surface of single-crystal candidate
topological Kondo insulator SmBs. The robust surface conduction channel
of SmB¢ has been shown to exhibit a large degree of spin-momentum
locking, and the spin-polarized current through an external ferromagnetic
contact induces spin-dependent charge accumulation on the surface of SmBe.
The dependence of the IEE signal on the bias current, an external magnetic
field direction, and temperature are consistent with an anticlockwise spin
texture of the SmBg surface band in momentum space. The direction and

magnitude of this effect, compared with the normal Edelstein signal, are
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clearly explained by the Onsager reciprocal relation. Furthermore, we
estimate the spin-to-charge conversion efficiency, i.e., the IEE length, to be
4.46 nm, which is an order of magnitude larger than the efficiency found in
other typical Rashba interfaces, implying that the Rashba contribution to the
IEE signal may be small. Building upon existing reports on the surface
charge and spin conduction nature of this material, our results provide
additional evidence that the surface of SmBgs supports a spin-polarized

conduction channel.

3.2. Introduction

Three-dimensional (3D) topological insulators (TIs) are a newly
developed class of insulators with a bulk band gap in which time-reversal
symmetry-protected metallic surface states reside. The spin-momentum
locking exhibited by the surface conduction channels make TIs a promising
platform for exploring new physics such as Majorana quasi-particle states,
and for applications in various spintronic devices [1-3]. However, in
conventional 3D TIs, the Fermi level naturally resides in the bulk
conduction or valence bands owing to unintentional doping, resulting in the
hindrance of surface-driven phenomena by bulk carriers [4-6]. Recently,
SmBg¢, a Kondo insulator, has been predicted to be a member of a newly
classified family of strong TIs, topological Kondo insulators (TKIs), in
which the topologically protected surface states reside in the bulk Kondo
band gap at low temperatures and the Fermi level is guaranteed to be inside
the bulk gap [7-9]. A large degree of current-induced spin polarization on
the surface of SmB¢ as well as robust surface conduction have been
demonstrated in various experiments [10-19], implying that SmBe is a
strong candidate for TKIs free from bulk effects.

Here, we report an additional demonstration that the surface of SmBs
indeed exhibits transport phenomena consistent with a spin-momentum

locked spin texture through observation of the spin current-induced charge
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accumulation, the inverse Edelstein effect (IEE). Distinct from a previous
spin injection experiment using microwave-induced spin pumping on the
surface of SmB¢ [11], we use a near-DC electrical method to generate
charge accumulation through the IEE. Charge accumulation can be
generated not only by injecting spin-polarized current generated using a
ferromagnetic metal into the surface of SmBe, but also by extraction of the
spin-polarized current generated from the surface of SmBs. The resultant
charge accumulation is measured as the voltage difference between two
nonmagnetic contacts on the surface. The measured dependence of the
charge accumulation on the direction and magnitude of the bias current, the
external magnetic field direction, and the temperature are all consistent with

the spin-momentum locking of the SmBg¢ surface state.

3.3. Results

3.3.1. Principle of electrical measurement for IEE

The Edelstein effect is one of the well-known effects involving charge-to-
spin conversion intimately related to the spin Hall effect. In materials with
spin-momentum locking, the flow of a charge current produces non-
equilibrium spin polarization through the Edelstein effect [20]. The Onsager
reciprocal effect of the Edelstein effect is called the IEE, where a non-
equilibrium spin accumulation in a two-dimensional electron gas generates
charge accumulation perpendicular to its spin direction [21,22].

To detect the charge accumulation on the surface of SmBg arising from
the IEE, a Py layer is used as a spin source to induce non-equilibrium spin
accumulation on the SmBgs surface. Figure 1(a) shows the electrical
measurement configuration for the IEE, where a bias current 7, flows
through Py on the SmBg¢ parallel to the y axis, and the transverse voltage
difference Vyx, defined as V+— V., is measured between two nonmagnetic Au
contacts positioned at the ends of SmBs on the x axis while sweeping an

external magnetic field along the y axis. The measured Vyx can be classified
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into four cases according to the directions of /; and the Py magnetization
(M).

Figures 1(b) — (e) show schematic top views of the device illustrated in
Fig. 1(a), and the charge accumulation along the x axis due to the IEE where
the accumulated spin-up (spin-down) electrons are depicted with red (blue)
arrows parallel (anti-parallel) to the +y direction and the direction of the
accumulation is shown by the grey arrows pointing to the Au voltage probes.
We note that the same amount of electrons with spin anti-parallel to the
accumulated spin, in a steady state, must flow in the direction toward the
center of the device owing to the zero net current along the x axis in an open
circuit condition. Moreover, because the direction of the Py majority spin is
opposite to that of its magnetization and the majority spin of Py is mainly
coupled to the SmBg surface channel, the contact resistance between Py and
the spin-up channel of SmBg is larger (smaller) than that between Py and the
spin-down channel of SmBg¢ for M parallel to the +y (-y) direction [23,24].

In the case of injection (/, parallel to the -y direction) in which spin-
polarized electrons are injected into the surface of SmBg, for M parallel to
the +y (-y) direction, more spin-down (spin-up) electrons are accumulated
on the surface of SmBs. The accumulated electrons subsequently have net
momentum in the -x (+x) direction due to the spin-momentum locking,
resulting in a higher electrochemical potential at the left (right) side and,
eventually, Vyx< (>) 0. On the other hand, for extraction (/, parallel to the
+y direction), where the spin-polarized electrons from SmBg¢ are extracted
and tunnel into Py, for M parallel to the +y (-y) direction, more spin-up
(spin-down) electrons are left behind on the surface of SmBs owing to the
high contact resistance. These electrons subsequently have net momentum
in the +x (-x) direction due to the spin-momentum locking, resulting in a
higher electrochemical potential at the right (left) side and, eventually, Vyx>
(<) 0. We confirmed the non-zero FVyx induced by spin current

injection/extraction using a simulation based on the semi-classical model for
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charge and spin transport (see 3.3.1.S1). In summary, the expected
behaviors of Vyx as functions of the external magnetic field Hy for injection
and extraction are described in Fig. 1(f) and 1(g), respectively, where H. is
the switching field of Py and the IEE signal 4Vyx, defined as Vyx (M // +y) —
Vyx (M /] -y), is negative (positive) for injection (extraction). We also define

the polarities of the hysteresis loops in Fig. 1(f) and 1(g) as negative and

positive, respectively.
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Fig. 1. Principle of electrical measurement of the Inverse Edelstein Effect (IEE).
(a) Schematic of the measurement setup and anticlockwise spin texture of the
surface band in SmBe near the Fermi energy. Inset: Optical microscope image of

the device. The length of the white scale bar is 100 um. (b) — (e) Schematic top

views of the charge accumulation due to the IEE in the cases of M // +y under
injection (b), M // +y under extraction (c), M // -y under injection (d), and M // -y
under extraction (e). The grey arrows represent the direction in which electrons
with spin-up or spin-down move. (f), (g) The expected inverse Edelstein signals for

spin injection (f) and extraction (g).

3.3.1.S1. Simulation results of spin current injection/extraction onto
SmBs based on the semi-classical model

For the given structure of Fig. 1, the current injection/extraction contacts
of Py and Au can be considered as spin current injection/extraction contacts
due to Py depending on the magnetization directions. Here we use the semi-
classical model for charge and spin transport that was previously proposed
and experimentally verified [23] to understand the present structure. As
shown in Fig. 1.S1 the spin current is injected/extracted from the point
contact in the middle and the charge voltage induced by the spin current
develops across the x-direction. Due to spin-momentum locking in SmBe the
injected spin current tends to move preferentially right or left directions,
which eventually cancelled out by oppositely moving electrons with

opposite spin directions satisfying no net charge current condition.
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Fig. 1.S1. Simulation results of spin current injection/extraction onto SmBs based
on the semiclassical model [23]. (a)-(d) Electrochemical potential y. for spin-up up
and spin-down ua, as a function of SmBg surface channel position along the x axis.
Spin current are injected or extracted from a point contact in the middle of the
sample with arrows representing the spin direction of electrons from the

ferromagnetic spin source (red arrows for spin-up and blue arrows for spin-down).

3.3.2. Electrical measurement of the IEE signal

We first report the expected behavior of the aforementioned IEE signal on
the surface of SmBg, which is reflected in a non-zero 4Vyx. As shown in Fig.
2(a), Vyx 1s measured by sweeping an external magnetic field along the y
axis to control the magnetization direction of Py while applying /, along the
y axis. Figures 2(b) and 2(c) show representative Vyx values as functions of

Hy recorded with Iy of +150 pA and —150 pA, respectively, at 1.8 K. For

Iy of +150 pA (—150 pA ), the spin extraction (injection) results in a
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hysteresis loop with a positive (negative) polarity in agreement with our
expectation, which is clearly consistent with the anticlockwise spin-
momentum relation in SmBg (see 3.3.2.S1). The AVyx extracted from the
hysteresis loops under different I, values exhibits a linear response to I, as
shown in Fig. 2(d), implying that the current-induced spin injection and
extraction lead to a non-zero AVyx.

The IEE signal can also be analyzed quantitatively using the Onsager
reciprocal relation. The Onsager reciprocal relation is a universal relation
for any setup in the linear response regime. It states that the ratio of the
measured voltage to the bias current does not change even when the voltage
and current terminals are exchanged [24,25]. However, when a time-reversal
symmetry breaking field such as M is present, the sign of the field should be
reversed in the reciprocity relation. Thus, the Onsager reciprocal relation is
given by

VoM) _ V(M) (1)
134 112 |

where Vab, 1s defined as Va— Vb and I.q denotes the current that flows from

terminal ¢ to terminal d.
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Fig. 2. Electrical measurement of the IEE signal. (a) Schematic of the
electrical measurement configuration. A bias current 7, is applied along the
y axis, and the voltage difference is measured between two Au contacts
while sweeping a magnetic field along the y axis. (b), (c) The measured Vyx
as a function of the y component of an external magnetic field Hy for I, of

+150 pA (b) and —150 pA (c). (d) Dependence of the IEE signal 4Vyx as a

function of [, measured at 1.8 K.

3.3.2.S1. Anisotropic magnetoresistance (AMR) for ferromagnetic spin
source

The magnetic characteristics of the ferromagnetic spin source (Py) can be
confirmed by observing AMR signal [26,27]. Py with 20 nm thickness is
deposited on SmBg crystal to measure AMR at different temperature. We
performed 2 point measurement using the same coordinate system as the

main text part and voltage difference between different two contacts was
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measured while sweeping an external magnetic field in the y direction under

a constant bias current 300 pA along the x direction. As shown in Fig. 2.S1,

clear AMR signal is observed and it is found that the coercive field of Py

layer is about 35 Oe which is almost the same value with the switching field

of hysteresis loop in Fig. 2(b) and 2(c). As the temperature increases, the

magnitude of AMR decreases and then disappears at 7K, which means

current flowing through Py layer diminishes due to activation of bulk

channel of SmBs with temperature increasing. The result shows clear

identification of the coercive field of the Py film by transport measurement

and surface-dominated transport property of SmBg at low temperature.
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Fig. 2.S1. Temperature dependent AMR of thin Py film deposited on SmBs crystal.
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3.3.3. Onsager reciprocal relation

Figure 3 clearly exhibits the Onsager reciprocal relation expressed by Eq.
(1) between the potentiometric spin measurement, where the ferromagnetic
metal is used as the spin detector, and its reciprocal measurement for the
IEE, where SmB¢ is used as the spin detector. Figures 3(a) and 3(c)
respectively show a schematic drawing of the potentiometric spin

measurement and the corresponding V34 recorded with /12 of 100 pA at 1.8

K while sweeping an external magnetic field along the y axis. Figures 3(b)
and 3(d) respectively show a schematic drawing of the IEE measurement

and the corresponding V1> recorded with 34 of 100 uAat 1.8 K while

sweeping an external magnetic field along the y axis. The results show a
hysteresis loop with negative polarity for the potentiometric measurement
and a loop with positive polarity for the IEE measurement consistent with
the Onsager reciprocal relation Eq. (1). More specifically, in the
potentiometric spin measurement, the spin voltage 4134 can be expressed as
[28]

A Vi _ V34(M)_V34(_M)

I12 112

= RBPFM(p.Mu)’ (2)

where 4V341s the reciprocal value of AV in this study. 4V34 is proportional
to the bias current /;2, ballistic channel resistance Rp, ferromagnetic metal
spin polarization Prm, and the inner product between the surface channel
spin polarization p under a positive bias current and the unit vector along the
ferromagnetic metal magnetization My. Eq. (1) and Eq. (2) can be combined
to yield

47, _ V(M) =V, (-M)

1, 1,

=R P (M), ®)

where the negative sign is due to the Onsager reciprocal relation. As
expected in Eq. (3), the slope from the linear fitting shown in Fig. 2(d) has

an opposite sign to that of the bias current dependence of the spin voltage
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[19,29]. Furthermore, the magnitude of the slope in Fig. 2(d) is 2.7 mQ,
which is slightly larger than the 2.3 mQ previously reported for a
potentiometric geometry experiment [19]. This difference can be attributed
to the non-linearity of the contact resistance between the ferromagnetic
metal and SmBs. As the IEE signal follows the Onsager reciprocal relation,
we estimate |p| of SmBg to be 27% from both the inverse and normal
Edelstein effect results (see 3.3.3.S1). Therefore, the IEE signal AV1»
electrically measured through both spin injection and extraction supports the
conclusion that SmB¢ indeed has an anticlockwise surface spin texture in

momentum space.

(a) charge-to-spin (b) spin-to-charge

-200 -100 0 100 200 "-200 -100 0 100 200
Hy (Oe) Hy (Oe)

Fig. 3. The Onsager reciprocal relation. (a), (b) Schematic measurement setup for
the potentiometric spin measurement (a) and its reciprocal measurement for the
IEE (b). (c) V34, defined as V3 — V4, as a function of an external magnetic field

swept along the y axis under /> of 100 pA at 1.8 K, measured in Fig. 3(a)

configuration [19]. (d) V12, defined as V1 — V>, as a function of an external magnetic
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field swept along the y axis under /34 of 100 pA at 1.8 K, measured in Fig. 3(b)

configuration.

3.3.3.S1. Principle of the potentiometric spin measurement and
quantitative analysis for surface state spin polarization

The Edelstein effect, the reciprocal effect of IEE, involving charge-to-spin
conversion can be measured through the potentiometric spin measurement.
Here, we explain principle of the potentiometric spin measurement in SmBg
and confirm Onsager reciprocal relation between the Edelstein and inverse
Edelstein effect, enabling quantitative analysis for surface state spin
polarization of SmBe.

Figure 3.S1(a) shows the electrical measurement configuration for the
potentiometric spin measurement, where a bias current /, flows through a
nonmagnetic Au contact on the SmBg along the x axis, and the transverse
voltage difference Vxy, defined as V+ — V., is measured between a permalloy
ferromagnetic contact (Py) and a nonmagnetic Au contact while sweeping
an external magnetic field along the y axis. When a bias current is applied
through spin-momentum locked surface states, net electron flow with its
locked spin occurs in the opposite direction to the direction of a bias current,
which makes spin dependent electrochemical potential in SmBs surface
channel split due to population imbalance between electrons with spin-up
and spin-down. Figures 3.S1(b) and 3.S1(c) show schematic drawings
reflecting the explanation above, where the amount of moving electrons
with spin-up (spin-down) are depicted in the length of red (blue) arrow
parallel (anti-parallel) to the +y direction and the electrochemical potentials
for spin-up w1 and spin-down g are depicted in the red and blue line,
respectively, along the SmBs channel. Since the direction of the majority
spin of Py is opposite to that of its magnetization and the majority spin of Py
is mainly coupled to the SmBg surface channel, the spin detector Py with M

parallel to the +y (-y) direction can detect the electrochemical potential for
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spin-down u; (spin-up u;). Therefore, when the direction of net electron
flow is parallel to the +x direction, as shown in Fig. 3.S1(b), spin detector
Py with M parallel to the +y (-y) direction measures low (high)
electrochemical potential, eventually, Vxy > (<) 0, which is illustrated in Fig.
3.S1(d) as a hysteresis loop with positive polarity. On the other hands, when
the direction of net electron flow is parallel to the -x direction, as shown in
Fig. 3.S1(c), Vxy as a function Hy shows a hysteresis loop with negative
polarity as illustrated in Fig. 3.S1(e) due to electrochemical potential
splitting reversal. This qualitative explanation has been confirmed
experimentally by our previous research [19] and confirms Eq. (1) reflecting
the Onsager reciprocal relation.
For quantitative calculation of p, Eq. (2) and Eq. (3) can be combined to
yield the following equation,
%—%=2RBPFM(,,.M“) (S1)
where ballistic resistance of the channel Rg is given by h/g* times 7T /keW
(total Fermi wave number kr = 0.67 A [10] and width of the current

channel W = 500 um), Prm of Py at low temperature is 0.38 [30], and unit

vector Mu along the magnetization of Py is ¥. In the left-hand side of the

. AV a7, .
above equation, - 34 and - 12 are —2.3 mQ and 2.7 mQ, respectively,
12 34

resulting in p = —27% 3, which means that the magnitude of surface state
spin polarization is 27% and SmBs has the anticlockwise surface spin

texture in the momentum space.
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Fig. 3.S1. Principle of electrical measurement for the spin polarization of SmBe. (a)
Schematic drawing for potentiometric spin measurement setup and anticlockwise
spin texture for the surface band in SmBg near the Fermi energy. (b), (c) Left side
of the figure shows degree of electron occupation in the channel and the band
structure diagram of the TI surface, and right side of the figure shows spin-
dependent electrochemical potential along the SmBs channel in case of a bias
current applied in the -x direction (b) and in the +x direction (c). (d), (¢) The
expected Vyy as a function of the y component of an external magnetic field Hy

under a bias current applied in the -x direction (d) and in the +x direction (e).

3.3.4. Magnetization orientation dependence of IEE signal
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To further confirm the spin-momentum relation, we study how the IEE
signal depends on the magnetization orientation. Figures 4(a) and 4(b) show
the schematic top views of the measurement configurations when an
external magnetic field is applied along the y axis and x axis, respectively,

under an /y of 100 pA at 1.8 K. The corresponding results are shown in Fig.

4(c) and 4(d). Owing to the anticlockwise spin texture of the SmBg¢ surface
band, charge accumulation by spin-to-charge conversion on the surface of
SmBs occurs along the x axis as depicted in Fig. 4(a), resulting in a
measurable 4Vyx, as shown in Fig. 4(c). On the other hand, we can predict
that charge accumulation occurs along the y axis when M is parallel to the x
axis, as depicted in Fig. 4(b), resulting in no voltage difference between the
two voltage probes at high positive or negative Hx, as shown in Fig. 4(d).
The intermittent non-zero signal in Fig. 4(d) is likely to be due to magnetic
domains in which the transient magnetizations have some y-axis
components in the process of magnetization reversal through domain wall
motion [31]. Furthermore, the result in Fig. 4(d) also excludes the
possibility that the measured 4Vyx originates from spurious effects such as
the Hall effect, where non-zero AVyx can arise independently of the
magnetization orientation owing to the fringe field of the ferromagnetic
injector [32]. We also confirm that SmBe with all Au contacts in which the
Py layer is replaced by the Au layer shows no such field dependent Vyx,
demonstrating that the Py layer has crucial role in spin injection/extraction
(see 3.3.4.S1). Therefore, the magnetization dependence of the IEE signal
further offers the conclusion that the measured AVyx clearly reflects the

anticlockwise spin texture of the SmBg¢ surface band.
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Fig. 4. Magnetization orientation dependence of the IEE signal. (a), (b) Schematic
top view of the measurement configuration. An external magnetic field is swept
along the y axis in (a) and along the x axis in (b). The grey arrows represent the
direction in which electrons with spin-up or spin-down move. (c), (d) Vyx as a
function of an external magnetic field swept along the y axis (c) and along the x
axis (d) under I, of +100 pA at 1.8 K. The magnetization M is parallel to the y axis
(parallel to current direction) in (¢) and parallel to the x axis (perpendicular to

current direction) in (d).

3.3.4.51. Contol experiment: A null effect

Control experiment was carried out using only the Au contacts on SmBg
to measure a null effect. A null effect can be measured when the Py layer
used for the spin source is replaced by the Au layer. For confirming a null
effect using SmB¢ with all Au contacts, electrical measurements were
performed in the measurement setup for the IEE, which is corresponding to

the measurements in Fig. 2.
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Figure 4.S1(a) shows optical top view of the device used for this
measurement, where Au contacts with terminal number 1 to 4 are placed on
SmBs surface. As shown in Fig. 4.S1(b), to confirm surface-dominate
transport properties at low temperature, temperature-dependent electrical

resistance R(7) is measured by applying a bias current of 25 pA through

terminal 1&2 and measuring the voltage difference between that terminals,
clearly exhibiting surface-dominated conduction below 4 K. Figure 4.S1(c)
shows Vyx, defined as Vi-V2, measured by sweeping an external magnetic
field along the y axis while applying a bias current through terminal 3&4.
The result does not show any significant voltage difference between two
voltage probes at high positive and negative Hy, demonstrating that the Py

layer has crucial role in spin injection/extraction.

(c)

Y, (WV)

1 1 1
-200 -100 0 100 200

H, (Oe)
Fig. 4.S1. A null effect measurement (a) Optical microscope image of SmB¢ with
all Au contacts. Yellow Au contacts with terminal number 1 to 4 are made on
SmBg surface. The length of the white scale bar is 100 pm. (b) Electrical
resistance of SmBs as a function of temperature under a bias current of 25 pA . (c)
Vyx measured by sweeping an external magnetic field parallel to the y axis under a

bias current of +25 pA at 1.8 K.

3.3.5. Temperature dependence of IEE signal

The surface origin of 4Vyx was examined by investigating the temperature
dependence of AVy. As shown in Fig. 5(a), the temperature-dependent
electrical resistance R(7) of SmBs diverges from 12 to 4 K, exhibiting

thermally activated behavior, and starts to saturate at 4 K, exhibiting

surface-dominated transport properties as confirmed previously [16-18]. Fig.

5(b) shows FVyx as functions of Hy under /y of +100 pA at temperatures
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ranging from 4.5 to 1.8 K (marked by red dots in Fig. 5(a)). The variation of
the IEE signal AVyx with the measurement temperature is extracted from Fig.
5(b) and summarized in Fig. 5(c). As the temperature increases, 4Vyx
constantly decreases and vanishes at around 4 K. This resembles the
temperature dependence behavior of the SmBs electrical resistance, which
shows a crossover from surface to bulk-dominated charge conduction at
around 4 K. Moreover, although SmBg is a heavy metal where the spin Hall
and inverse spin Hall effects can occur, the signal from the inverse spin Hall
effect does not contribute to the measured A4Vyx at elevated temperatures.
This may be largely attributed to the thick bulk channel of SmB¢ in which
the reduced spatially averaged spin current in a thicker spin detector
material diminishes the inverse spin Hall signal [33]. We also note that the
temperature dependence of the measured 4Vyx exhibits a similar behavior to
the results of previous temperature-dependent AVxy in the potentiometric
measurement configuration. This confirms that the Onsager reciprocal
relation is valid at different temperatures [19]. Therefore, the temperature
dependence of the measured AVyx gives strong support for the measured
AVyx as having originated from the surface states of SmBs, and largely

excludes bulk effects such as the inverse spin Hall effect.
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Fig. 5. Temperature dependence of the IEE signal. (a) Electrical resistance of SmBg

as a function of temperature under a bias current of 300 pA . (b) Vyx measured by

sweeping an external magnetic field parallel to the y axis under a bias current of

+100 pA at different temperatures ranging from 1.8 to 4.5 K. Each curve is offset
by 1 uV for clarity. (c) The IEE signal A4V, extracted from Fig. 4(b) as a function

of temperature.

3.4. Methods

3.4.1. Material growth
Single crystals of SmBs were grown with Al flux in the ratio of SmBg : Al
=1:200-250 starting from elemental Sm and B with a stoichiometry of 1 to
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6. The initial materials were placed in an alumina crucible and loaded in a
tube furnace under an Ar atmosphere. The assembly was heated to 1250—
1400 °C and maintained at that temperature for 70—120 h, then cooled at
—2 °C/ h to 600-900 °C, followed by faster cooling. The SmBs samples

were placed in sodium hydroxide to remove the residual Al flux.

3.4.2. Device fabrication

A 2 nm thick Al layer was deposited on the polished (100) surface of
SmBs by electron beam evaporation followed by oxidation on a hotplate
under ambient conditions. The resulting thin Al oxide layer prevents direct
contact of the ferromagnetic metal with SmBs and acts as a tunnel barrier
between SmBg and the ferromagnetic metal. This generally enhances the
spin injection and detection ratio by alleviating the conductance mismatch
problem [34] (see 3.4.2.S1). Standard e-beam lithography was used to
fabricate the electrodes. A permalloy (Py) layer with a lateral size of 150 x
150 um? and thickness of 20 nm was used as a ferromagnetic spin source for
spin injection and extraction. The layer was capped with 15 nm of Au using
electron beam evaporation. Non-ferromagnetic contacts used for the source,
drain, and voltage probes were formed by e-beam lithography patterning
and Al oxide etching with a buffered oxide etchant followed by the
deposition of 5 nm Ti/ 80 nm Au using electron beam evaporation. To avoid
the direct wire bonding to the Py layer which can damage the properties of
the Py layer, the Au electrode acting as the wire bonding pad for the contact
with the ferromagnetic metal was made using electron beam evaporation
and an additional insulating layer was made below this Au electrode by

overdosing electron beam on electron beam resist (PMMA 950A6) with a

dose of 10000 ]VLC/Cm2 , which enables the Au eclectrode to be connected

directly to the Py layer, not to SmB¢ surface [see the inset to Fig. 1(a)].

3.4.2.S1. Tunneling electron microscopy (TEM) image and the
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composition for Al oxide tunneling barrier

In our IEE measurement, Al oxide is used as tunneling barrier for spin
injection and extraction to enhance the spin polarization of the tunneling
electrons. This Al oxide on SmBg crystal is made by thermal oxidation of Al
metal in ambient conditions. Figure 2.S1 shows TEM cross section of
SmBe/Al oxide/Py structure (upper image) and the concentration profiles of
Al, Fe, Ni, O and Sm elements acquired along the red arrow in the TEM
image (bottom image). The TEM image clearly shows the continuous Al
oxide layer with almost 2 nm thickness grown on SmBs. The composition of
the Al oxide is analyzed by the concentration profiles obtained by energy
dispersive X-ray spectroscopy (EDS) in scanning transmission electron
microscopy (STEM) and revealed as AlO; containing more oxygen than
typical Al oxide, Al>O3;, which may be attributed to Al>O3 mixing with a

natural oxide on SmBg¢ surface such as boron oxide.
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Fig. 2.S1. Transmission electron microscopy (TEM) cross section showing the Al
oxide between Py and SmBs (top) and the concentration profiles of Al, Fe, Ni, O

and Sm elements acquired along the red arrow in the upper figure (bottom).

56

U



3.4.3. Transport measurements

The device was placed in a commercial variable temperature cryostat
(Quantum Design PPMS) for low-temperature electrical measurements. For
all the electrical measurements, standard lock-in-based four-point probe
measurements were performed. An AC current was applied through the
interfacial tunnel oxide between the ferromagnetic metal Py and the SmBs
surface using an AC current source (Keithley 6221), and a lock-in amplifier
(Stanford Research Systems SR830) was used to detect the voltage

difference between two Au contacts.

3.5. Conclusion

The pinning of the Fermi energy near the hybridization-induced gap due
to the hybridization of localized f electrons with conduction electrons
ensures surface-dominated transport in SmBg at low temperatures [17,18],
thereby excluding the possibility that bulk effects such as the inverse spin
Hall effect might have contributed to the measured IEE signal. However, the
IEE signal can arise from both the Rashba surface states and topologically-
protected surface states because spin-momentum locking is present in both
types of surface states. Although it is difficult to separately measure the
contributions of the Rashba and topological surfaces to the IEE signal, the
measured IEE signal is very likely to consist mainly of the signal from the
topological surface. We arrive at this conclusion through the analysis of the
IEE length, Aiee, which is the spin-to-charge conversion efficiency given by

[23,35]

Lk @

2

Je =Ripds> Ape

where the charge current density in A m’, jc, and spin current density in A
m™, js, are connected through A, which is proportional to the absolute
value of the spin polarization |p| and the mean free path of the channel A. In

SmBs, because the surface conduction is mainly contributed by  band
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electrons, A for the B band (52 nm) [36] and the spin polarization (27%) are
used to obtain Aige. In our case, Ak is 4.46 nm, which is comparable to the

Aiee found in @-Sn film topological insulators without bulk effects [37]. It is

an order of magnitude larger than the Aigg found in various other Rashba
interfaces with typical values of 0.1-0.4 nm owing to the compensation
between the two Fermi contours of Rashba interfaces [38-42]. This implies
that the Rashba contribution to the IEE signal should be small. Moreover, a
large Aiee also indicates that SmBg is a promising candidate for spintronic
devices that are potentially useful as efficient spin sources and detectors.
With the recently developed technique of increasing the temperature range
of surface-dominated transport in SmBg by applying strain [43], the material
also has potential in spintronic applications at elevated temperatures. Our
observation presents a route for the potential application of SmBe both in
fundamental investigations of the interplay between nontrivial topology and
electron correlation, and in applied spin transport physics in strongly

correlated systems.
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4.1. Abstract

Fast and high-fidelity quantum state detection is essential for building
robust spin-based quantum information processing platforms in
semiconductors. The Pauli spin blockade (PSB)-based spin-to-charge
conversion and its variants are widely used for the spin state discrimination
of two-electron singlet—triplet (STo) qubits; however, the single-shot
measurement fidelity is limited by either the low signal contrast, which
depends on the charge sensor position, or the short lifetime of the triplet
state at the PSB energy detuning, especially due to strong mixing with
singlet states at large magnetic field gradients. Ultimately, the limited
single-shot measurement fidelity leads to low visibility of quantum
operations. Here, we demonstrate an alternative method to achieve spin-to-
charge conversion of STo qubit states using energy selective tunneling
between doubly occupied quantum dots (QDs) and electron reservoirs,
commonly called Elzerman type readout. We demonstrate a single-shot

measurement fidelity of 93% and an S—To oscillation visibility of 81% at a
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field gradient of 100 mT without the necessity to convert to intermediate
metastable states first; this allows single-shot readout with full electron
charge signal contrast and, at the same time, long and tunable measurement
time with negligible effect of relaxation even at strong magnetic field
gradients. Using an rf-sensor positioned opposite to the QD array, we
further apply this method to two STy qubits and show that high-visibility
readout of two individual single-qubit gate operations is possible with a
single rf single-electron transistor sensor. We expect that our measurement
scheme for two-electron spin states, analogous to single-electron spin-to-
charge conversion, can be applied to various hosting materials and provides
a simplified and unified route for multiple qubit state detection with high

accuracy in QD-based quantum computing platforms.

4.2. Introduction

The assessment of general quantum information processing performance
can be divided into that of state initialization, manipulation, and
measurement. Rapid progress has been made in semiconductor quantum dot
(QD) platforms, with independent demonstrations of, for example, high-
fidelity state initialization of single and double QD spin qubits [1-3], high-
fidelity quantum control with resonant microwaves [4-7] and non-adiabatic
pulses [1,8,9], and high-fidelity state measurements using spin-to-charge
conversion [10-16]. However, the high visibility of a quantum operation
requires high fidelity in all stages of the quantum algorithm execution,

which has been demonstrated in only a few types of spin qubits so far
[4,6,9,17].

For double QD two-electron spin qubits, the Pauli spin blockade (PSB)
phenomenon is typically used for discriminating spin-singlet (S) and -triplet
(To) states where different spin states are mapped according to the

difference in the relative charge occupation of two electrons inside the
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double QD, which is detected by a nearby electrometer [18-20]. However,
depending on the device design, the signal contrast can be small compared
to the signal of one electron, especially when the charge sensor position in
the device is not aligned with the QD axis. This issue is particularly
problematic in recent multiple QD designs [21-23], where the charge sensor
positioned opposite to the qubit array increases the range of QDs detectable
by one sensor, but renders sensitive measurement of the relative electron
position between nearest-neighbor dots difficult.

Moreover, the magnetic field gradient along the QD axis ap_ provides
relaxation pathways through (1,1)To—(1,1)S mixing and rapid (1,1)S to
(2,0)S tunneling in the PSB region, and normal PSB readout is difficult

under large AB_, as shown in the solid green regions in Fig. 1(a) As most

QD spin qubit platforms utilize sizeable intrinsic [2,24,25] or extrinsic [26]

AB, to realize individual qubit addressing and high-fidelity single- and

two-qubit operations [4,6,27,28], it is important to develop fast readout

techniques that enable high-fidelity spin detection even at large Ap_ . So far,

high visibility of approximately 90% using PSB readout can be achieved

only for small Ap_ [12].

These limitations of conventional PSB readout have been addressed in
previous works, and several variants of the PSB readout have been
developed for various QD systems [13-16]. In the latched readout scheme
[13], the lack of the reservoir on one side of the double QD enables spin
conversion to the (1,0) or (2,1) charge state, enhancing the signal contrast.
In Ref [14], singlet—triplet (STo) qubit readout was performed in a triple QD
to isolate the middle QD from the reservoirs, and the qubit state conversion
to a metastable charge state enabled robust, high-fidelity qubit readout.
While these techniques enhance the signal contrast to the full electron
charge, it is expected that the fast relaxation of the Ty state at PSB detuning

¢ can still affect the final quantum oscillation visibility. On the other hand,
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Orona, L. A. et al. [15] reported the shelving readout technique, whereby
one of the qubit states is first converted to the T~ state through fast electron
exchange with the reservoir to prevent mixing with the (1,1)S state, enabling
high-visibility readout of the STo spin qubit. They showed explicitly that

single-shot readout is possible even for Ap_ ~ 180 mT by optimizing the

shelving pulse sequence. However, the technique relies on PSB for final
spin-to-charge conversion and is expected to be effective only when the
charge sensor is sensitive to the relative position of electrons in the double
QD.

Here, we demonstrate the energy selective tunneling (EST) readout,

commonly called Elzerman readout [10], of STo qubits under large As_,

accomplishing both signal enhancement, due to one electron tunneling, and
long measurement time, enabling a robust single-shot readout. EST readout
of the two electron spin states in a single QD was performed previously [11],
but the explicit application of such readout with high-fidelity coherent

operation at large Ag_has not been reported to date. Unlike previous works,

which demonstrated independent enhancement of the signal contrast and
measurement time through intermediate spin or charge state conversion
steps, our scheme does not require additional state conversion during the
readout. Using large voltage modulation by rapid pulsing with ¢ ranging
from the PSB-lifted (2,0) to the deep (1,1) charge regions, where the
exchange coupling J(g) is turned off, we explicitly demonstrate a single-
shot measurement fidelity of 93% and an S—Ty oscillation visibility of 81%

at Ap_~ 100 mT, corresponding to an oscillation frequency of 500 MHz.

Furthermore, we demonstrate the detection of coherent operation of two
individual STy qubits in a quadruple QD array with a single rf-reflectometry
line. In this section, we describe the proposed EST readout method in detail,
compare it with the conventional PSB readout, and suggest possible routes

for its further optimization.
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4.3. Results

4.3.1. Energy levels and device platform

The blue rectangular regions in Fig. 1(a) show the position of ¢ and the
energy level configuration used for EST state initialization and readout. At
this readout point, the PSB is lifted, and both S and Ty levels can first
occupy the (2,0) charge state, the energies of which are separated by STy
splitting typically in the order of ~20-30 GHz [29], depending on the dot-
confining potential. Near the (1,0) - (2,0) electron transition, the
electrochemical potential of the reservoir resides between these states,
which enables the EST of the STy qubits. As discussed in detail below, we
observe the single-shot spin-dependent tunneling signal where one electron
occupying an excited orbital state of the (2,0)Ty state tunnels to the reservoir
to form the (1,0) charge state, leading to an abrupt change in the sensor
signal, and predominantly initializes back to the energetically favorable
(2,0)S state. In contrast, no tunneling occurs for the (2,0)S state (see Fig.
1(a), blue right panel).

We study a quadruple QD array with an rf single-electron transistor (rf-
set) sensor consisting of Au/Ti metal gates on top of a GaAs/AlGaAs
heterostructure, where a 2D electron gas (2DEG) is formed approximately
70 nm below the surface (Fig. 1(b)). A 250 nm-thick rectangular Co
micromagnet with large shape anisotropy was deposited on top of the

heterostructure to generate stable ap_ for STy qubit operation [26,30-32]

(see methods section for fabrication details). The device was placed on a
plate in a dilution refrigerator at ~20 mK and an in-plane magnetic field
Bzext of 225 mT was applied. To demonstrate the EST readout in the
experiment, we independently operated and readout two STy qubits (Qr and
Qr) in the non-interacting regime by blocking Qr—Qr tunneling using

appropriate gate voltages. We monitored the rf-reflectance of the rf-set
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sensor (Fig. 1(b), yellow dot) for fast single-shot charge occupancy

detection in the (s time scale [33,34]. The intra qubit tunnel couplings for

both QL and Qr were tuned above 8 GHz to suppress unwanted Landau—
Zener—Stuckelberg interference under fast ¢ modulation, and we estimated
the electron temperature to be approximately 230 mK (see 4.3.1.S1).

We first locate appropriate EST readout points in the charge stability
diagrams. Figure 1(c) (1(d)) shows the relevant region in the stability
diagram for the Qr (Qr) qubit operation as a function of two gate voltages
Vi (V3) and V2(Vs). We superimpose the cyclic voltage pulse, sequentially
reaching [ — W — O — W — R points in the stability diagram (see Fig. 1(c)
and 1(d)) with a pulse rise time of 200 ps. During the transition from the
point W to point O stage, the pulse brings the initialized (2,0)S state to the
deep (1,1) region non-adiabatically, and the time evolution at point O results

in coherent S-To mixing due to ag_. The resultant non-zero To probability

is detected at the I/R point. For this initial measurement, the duration of
each pulse stage was not strictly calibrated, but the repetition rate was set to
10 kHz. The resulting ‘mouse-bite’ pattern inside the (2,0) charge region
(Fig. 1(c), boundary marked by the red dashed line) implies the (1,0) charge
occupancy within the measurement window, which arises from the EST of

the STo qubit states averaged over 100 us . For comparison, we note that the

PSB readout signal with a similar pulse sequence is not clearly visible in the
main panel of Fig. 1(c) in the time-averaged manner due to fast relaxation,
as described above. The inset in Fig. 1(c) shows the PSB readout signal
measured by gated (boxcar) integration (see 4.3.1.S2), where an
approximately 100 ns gate window was applied immediately after the pulse
sequence. This difference in the available range of measurement time scale
clearly contrasts two distinct readout mechanisms for the spin-to-charge

conversion of STy qubits.
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Fig. 1. Energy levels and device platform. (a) Schematic of the singlet-triplet (STo)
qubit energy levels as a function of detuning & with energy selective tunneling
(EST, blue boxes)- and Pauli spin blockade (PSB, green boxes)-based readout
schemes. Green panel: At the PSB readout point, the (1,1)S state tunnels into the
(2,0) charge state while the tunneling from the (1,1)Ty state is blocked. The relative
charge position is observed to determine the spin state of the qubit. (1,1)To—(1,1)S

mixing under the finite magnetic field gradient AB. provides a relaxation

pathway for the (1,1)T state. Blue panel: Energy level configuration and a single-
shot readout signal at the EST readout point. The Fermi level resides between the
(2,0)S and (2,0)To states, which enables EST. The triplet state (red) tunnels out to
the (1,0) state and initializes to the (2,0)S state, while no tunneling occurs for the S
state. (b) Scanning electron microscopy image of the device. Green (orange) dots
indicate the position of the left (right) STy qubit Qu (Qr), and the yellow dot
indicates the rf single-electron transistor (rf-set) position. The blue arrow indicates
the external magnetic field direction. (c) ((d)) Double QD charge stability diagram
for QL (Qr) operation with the 100 S -period pulse cycling - W - O - W - R
points superimposed with raster scanning gate voltages. The red dashed line shows
the boundary of the (2,0) charge stability region inside which the EST readout is
appropriate. The inset of (c) shows the PSB readout signal for the same gate
voltage area observed by gated (boxcar) integration. The yellow line in (d) shows

the electron transition signal of the QD coupled to V.
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4.3.1.S1. Electron temperature and intra-qubit tunnel coupling
calibration

Electron temperature, and the tunnel coupling strength of the left double
quantum dot are measured using the standard lock-in technique. dV:#/dV2 is
observed by modulating V> gate voltage with 337Hz frequency. With proper
adjustment of dot-reservoir tunnel rates less than 1 MHz and setting
minimal modulation amplitude, the electron temperature 7. ~ 230mK is
determined by fitting the heterodyne detected single electron transition line
o the equation (Z% V)= :0; exp(a (Vl_Vgﬁfvet)/ kgT) .
) B (l+exp(a(V1—V0]ﬁet)/kBT))

which is the derivative of the typical Fermi-Dirac distribution (Fig. 1.S1(a)).
Here o =0.035 is the lever-arm of the Vi gate obtained from the Coulomb

diamond measurement, kg is the Boltzmann constant, and Aoﬁ’s . and Voﬁfs ot

are the dV,¢/dV; offset and the offset Vi voltage in the dV./dV> — Vi plot,
respectively. The intra-qubit tunnel coupling strength 7. was obtained in the

similar manner, by sweeping the gate voltage through the inter-dot transition
line in the stability diagram for example shown in Fig. 1(c). The broadening

is fitted using the same equation described above, with the broadening width

2t; instead of kT where the f; represents the tunnel coupling strength. The
resultant 2¢./h is 16 GHz where 4 is the Plank’s constant.

(@) (b)

dVy¢ IV (mV)
»
1

Vg 14V, (mV)

-930 -590 -585 -580 -575 -570  -565

V4 (mV) V4 along the detuning axis(mV)

Fig. 1.S1. System parameter calibration. (a) Electron temperature measurement. (b)

tunnel coupling strength measurement using the heterodyne detection scheme.
6 8



Typical lock-in measurement was performed to obtain the broadening of the single
electron transition due to thermal broadening and the intra-qubit tunneling.
Electron temperature 7t ~ 230 mK, and tunnel coupling #. /h ~ 8GHz were obtained
from the fitting. When obtaining (b) both ¥, and V> were swept through the inter-

dot transition line in Fig. 1(c), but only the V; gate voltage is shown in the x-axis.

4.3.1.S2. Correlated double sampling (CDS)

By resampling the demodulated rf-signal with the boxcar integrator, we
enable the real-time single-shot event counting without the use of field-
programmable gate arrays (FPGA) programming. As shown in Fig. 1.S2, the
boxcar integrator subtracts the 100 ns-averaged baseline signal from the gate

signal which are separated by 5 s in the time domain to yield a pseudo-

time derivative signal of the single-shot trace with 200 kHz sampling rate.
CDS converts the falling (rising) edge to the positive (negative) peak and
the peaks are detected by the external photon counter (Stanford Research
Systems SR400) as shown in Fig. 1.S2(a). This allows the separate detection
of tunneling in / out event in real-time without post-processing which may
reduce the experimental overhead in the analysis step. By counting the
tunneling out events, we have observed the coherent singlet-triplet qubit
(STo qubit) oscillations in the energy selective tunneling (EST) readout
point. For single-shot readout, the boxcar integrator is operated with average
number set to 1 (no averaging).

When averaged, however, the CDS technique can also be utilized to
observe short-lived Ty signal for Pauli Spin Blockade (PSB) readout, which
enable measurement bandwidth of 33MHz in time averaged manner (see

also the inset to Fig. 1(c)). By setting the ~ 0.1 us gate window right after

the spin-mixing pulse comes back to the PSB region, and the ~

0.1 us baseline gate window before the next pulse start as shown in Fig.

1.S2(b), the demodulated signal is effectively sampled for short time where
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the portion of the To signal is sufficiently large to be observed with

sufficient periodic average.
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Fig. 1.S2. Correlated double sampling schematics. (a) Correlated double sampling
for tunneling out / in event detection. Boxcar integrator resamples the bare
demodulated rf signal by subtracting the ~ 100 ns averaged baseline (B) signal
from the gate (G) signal every 5 g5 . This resampling process converts the falling

edge signal of the rf signal to a positive peak with removing dc background and
produces pulse signal robust to background drift. (b) CDS scheme for short Ty
signal detection in PSB readout. Pulse mixes the S and Ty states in the operation
(O) sequence, and when returning to the readout (R) step, the Ty quickly relaxes to
(2,0) charge state under large magnetic field gradient. The boxcar integrator in this
case is operated in averaging mode where sampled signal G of the rf-signal for
short period time after the pulse sequence are subtracted by the B signal and

averaged about 5000 times to increase signal to noise ratio.

4.3.2. Time-resolved relaxation measurements and fidelity analysis

The PSB and EST readouts are systematically compared through time-
resolved relaxation measurements, which also serve as calibration of the
readout parameters for EST readout visibility optimization. Fig. 2(a) (2(b))
shows the relaxation of the sensor signal as a function of waiting time 7
before reaching the measurement stage, using the pulse sequence shown in

the inset of Fig. 2(a) (2(b)) near the PSB (EST) readout position for Qr. The
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corresponding measurement results for Qr are described in 4.3.2.S1. As
expected, the lifetime 771 of the Ty state at the PSB region is in the order of
200 ns, indicating strong spin state mixing and subsequent charge tunneling

due to the large aAp_ produced by the micromagnet (see 4.3.2.S2 for Ap_

simulation). However, at large negative ¢, the PSB is eventually lifted, and
the absence of rapid spin mixing as well as the insensitivity of the (2,0)To —
(2,0)S spin splitting to charge fluctuations ensures the long lifetime of the To
state. The evolution time at O is varied in the EST relaxation time
measurement in Fig. 2(b), and the amplitude decay of the coherent
oscillation is probed to remove background signals typically present for

long pulse repetition periods. The resultant 77 of 156 us is three orders of

magnitude longer than that in PSB readout. Note that this 77 is taken at ¢
near (1,1)To — (2,0)To anti-crossing; thus, an even longer 77 is expected at
the actual ¢ measurement position selected for EST readout, which is
difficult to measure due to the limitation of the low frequency cut off of the
bias tee in the order of 1 kHz. Without fast ¢ modulation, a long 7}
exceeding 2.5 ms has been reported in GaAs QDs [35].

Next, we discuss the calibration of the tunnel rates for single-shot readout
and the optimization of the readout fidelity and visibility with the given
experimental parameters. While for time-averaged charge detection we use a
minimum integration time of 30 ns in the signal demodulation setup,
corresponding to a measurement bandwidth of 33 MHz, we set the
integration time to 1 us for single-shot detection to increase the signal to
noise ratio, and we typically tune the tunneling rates to less than 1 MHz. Fig.
2(c) shows time-resolved tunnel out events triggered by the end of the pulse

sequence from which we measure the tunneling out rate

Vou ™ T;uIt =(16u S)fl, extracted from the fit to an exponentially decaying
function. The rate is within our measurement bandwidth. Also note that the

ratio 1,/7,, is at least 10, which is reasonable to perform high-fidelity
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measurements. Fig. 2(d) shows the resultant histogram showing a separation
of the mean value of the S and Ty signal levels of more than 8 times the
standard deviation, confirming the high fidelity of single-shot spin state

detection with 1 us integration time. We also find good agreement between

the experimental and numerically simulated single-shot histograms®
generated using the measured tunneling rates and signal to noise ratio.

After the rf demodulation stage, we further apply correlated double
sampling (CDS) [14] to the single-shot traces to simplify the state
discrimination and measurement automation. Using a fast boxcar integration

with two gate windows that are 5 us apart in the time domain, a dc

background-removed pseudo-time derivative of the single-shot traces is
generated, enabling separate detection of tunneling out/in events with an
external pulse counter (Stanford Research Systems, SR400 dual gated
photon counter) and time-correlated pulse counting with a multichannel
scaler (Stanford Research Systems, SR430 multichannel scaler) without the
need for customized field-programmable gate array (FPGA) programming
[36,37] (see 4.3.1.S2 for details of the CDS scheme). While this scheme was
successful, the electronic measurement bandwidth was further reduced to
200 kHz for single-shot detection, which resulted in a relatively long
readout time requiring relatively slow tunneling rates. To simulate realistic
measurement conditions, we applied the numerical CDS filter to the
simulated single-shot traces (Fig. 2(e)) and reproduced the measurement
fidelity and visibility (see 4.3.2.S3 for measurement fidelity analysis). The
resulting theoretical measurement fidelity of the left qubit is 93%,
corresponding to a visibility of 86%, confirming that high-fidelity single-
shot detection is possible at the given experimental conditions (see 4.3.2.S1
for right qubit analysis). Moreover, in section 4.3.2.S4, we show through
numerical simulation that FPGA-based single-shot detection, which we plan
to perform in the future, will yield a measurement fidelity (visibility) of

97% (93%) at the same experimental condition through faster and more
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accurate peak detection. Thus, we conclude that the measurement fidelity

and visibility obtained in this study, while showing the highest values for

STo qubit operation at large

AB, , are mainly limited by the CDS technique

used and can be improved in a straightforward manner in the future.
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Fig. 2. Time-resolved relaxation measurements and fidelity analysis of Q. (a)
Relaxation time measurement at PSB readout. The time-averaged rf-demodulated
signal Vs is recorded as a function of the waiting time 7 atthe ¢ denoted in the
inset. 771~ 200 ns is extracted from the fitting data to the exponential decay curve.
(b) Relaxation time measurement near EST readout. The decay of the coherent
oscillation is observed along the waiting time 7 near the PSB-lifted (1,1)To—

(2,0)Ty excited anti-crossing position denoted in the inset. 71 ~ 156 4 is extracted,

while even longer 7' in the actual EST readout ¢ is expected. (c) Histogram of the
tunneling out events triggered by the end of the manipulation pulse as a function of
time. (d) Histogram of the experimental and simulated rf-demodulated single-shot
traces with the application of 7T pulses for EST readout showing a mean value
separation of more than 8 times the standard deviation. (e) Measurement fidelity
and visibility calculated from the CDS peak amplitude histogram shown in the
inset. Maximum visibility of ~86% and a corresponding measurement fidelity of

93% are estimated at the optimal threshold voltage V.

4.3.2.S1. Right qubit measurement fidelity
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Fig. 2.S1. Right qubit readout fidelity analysis. (a) Tunneling out rate of the right
qubit Qr at the EST readout point. Tunneling out events were recorded as a

function of the tunneling time,

yields7,,,, ~ 25us . (b) Experimental, and simulated rf single-shot traces of the Qr

with the 7z pulse applied. (¢) Histogram of the CDS amplitude of the S (red) and
To (blue) states. The histograms in (b) and (c) are normalized to generate the
probability density plot. (d) The measurement fidelity and visibility of the Qr. The

maximum fidelity / visibility is 83% / 65% which is in good agreement with the
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of the magnetic field around the quantum dots in our device is simulated using the

boundary integral method with RADIA [38,39] package. Green dots indicate the

quantum dot positions. The fast AB, oscillations shown in Fig. 3 is up to 500MHz
corresponding to AB, of 100 mT, and we ascribe this higher-than-expected-

AB, to the displacement of the electrons from the expected positions by the

confining potential in the few electron regime.

4.3.2.S3. Measurement fidelity analysis

Single-shot traces were numerically simulated following the Morello, A.
et al [3], using the experimentally acquired parameters including the
tunneling out / in rates, and rf signal contrast. 7 relaxation time is also

taken into account by calculating the relaxation probability

P

el = 1~ €Xp(—tyy,; / T)) . By varying the amplitude of the numerical noise
filter applied to the simulated single-shot traces the numerical simulation
reproduce the experimental histogram as shown in Fig. 2(d). As we have
detected the events by thresholding CDS amplitude described above, for the
readout fidelity analysis the simulated single-shot traces are further
processed with the same CDS filter condition. To find the optimal threshold
for maximum readout fidelity / wvisibility the single-shot traces
corresponding to the singlet and triplet states were prepared respectively,
and histograms were constructed with the peak values of the CDS traces

(see inset to Fig. 2(e)). After normalizing the histogram to generate a

histogram of probability density, the singlet, and triplet fidelities (F§, and

F,.) were acquired by the following integrations,

Fr = I pr(V)dv
VT

VT
Fg=|  pg)av
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and the visibility is defined by V=F,+F,-1. p, (V) , and p (V) are the
probability density of the triplet and singlet outcomes at J which can be

obtained from the CDS histogram. By optimizing the threshold voltage V,

we acquire the maximum measurement fidelity and visibility.

4.3.2.54. Expected fidelity with direct peak detection

The measurement fidelity and visibility are calculated for the direct peak
detection scheme to explicitly show that the use of FPGA rather than CDS
technique may extend the measurement fidelity and visibility with the same
experimental parameters. Following the Morello et al®, single-shot traces
were first simulated with the experimental parameters, and instead of
passing through additional numerical CDS filter, the peak value (the
minimum value) from each rf single-shot trace is sampled for 10,000 traces
to construct the histogram shown in Fig. 2.S4(a) and 2.S4(c). Because the
short peaks or the full signal contrast cannot be perfectly detected with the
CDS due to its limited bandwidth, the histograms of the S and To are more
clearly separated in Fig. 2.S4, which naturally leads to higher fidelity and
visibility as in Fig. 2.S4(b), and 2.S4(d) respectively for QL and Qr. The
measurement fidelities (97% for Qr, and 93% for Qr) are limited by the T
relaxation time, which we claim to be a rather conservative calculation since
we use the 7' time measured at ¢ near (1,1)To-(2,0)To anti-crossing. The
tunneling rates may be tuned faster in the case where the CDS is not utilized,
and it will be less likely for the relaxation to take place before tunneling
events, which will extend the fidelity further. Experimentally, direct peak
detection described above is possible with the usage of FPGA, where the
peak value from a single-shot trace can be detected by setting appropriate

threshold levels.
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Fig. 2.54. (a) ((c)) Histogram constructed directly from the peak values of the Qv
(Qr) single-shot traces without the CDS. The histograms are normalized to yield
the probability density histogram. (b) ((d)) Fidelity and visibility acquired from the
histogram (a) ((c)). The maximum measurement fidelity / visibility of the Qv (Qr)
can reach 97% / 94% (93% / 86%), by optimizing the thresholding voltage.

4.3.3. High-visibility two-axis control of two STo qubits

We now demonstrate high-visibility coherent qubit operations with the
EST single-shot readout. The panels in Fig. 3 show the high-visibility two-
axis control of Qr (Figs. 3(a)—~(c)) and Qr (Figs. 3(d)—(f)) under large ApB_
recorded with a single rf-set. For the Ap_ oscillations (Figs. 3(a), 3(d)), the
I - W -0 - W — R with the period of 150 us (Fig. 3(a), top panel) was
applied, and the evolution time at O was varied from 0 to 10 ns. Each trace
in Figs. 3(a) and 3(d) is the average of 50 repeated measurements with 2000
shots per point, which takes over 5 min; thus, we expect an ensemble-

averaged coherence time of STy qubit oscillation 7>* in the order of 15 ns
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[1], limited by nuclear bath fluctuation. We clearly observe coherent
oscillations of QL (Qr) with ~81% (~64%) visibility, which is consistent
with the results of the numerical simulation reported in Fig. 2(e). Under the

large Ap, of 100 (80) mT, corresponding to an oscillation frequency of

500 (400) MHz, we expect the control fidelity of the . pulse to reach up to
99.63% (99.23%) for Qv (Qr) assuming gaussian decay, even with the
ensemble-averaged 7>* ~ 15 ns; thus, one can neglect the effect of the
limited control fidelity on the visibility. As discussed above, with the
experimental conditions considered in this study, the visibility for both QL

and Qr is limited by the electronic bandwidth owing to the CDS technique
used. For Qgr, tuning to an even longer 7,, of 25 s was necessary to

account for the reduced rf-set sensor’s signal contrast to farther QDs, for
which the final visibility is approximately 64%. However, as shown in
section 4.3.2.54, the visibility of the further QDs can be easily enhanced to
more than 85% by simply improving the electronics of the measurement
system, for example, with FPGA programming.

To acquire the 2D plots shown in Figs. 3(b) and 3(e), the typical Ramsey
pulse sequence of |- W -0 (7/2) — Aex— O (n/2) — W — R (Fig. 3(b), top

panel) was applied, and the detuning amplitude Aex and evolution time

Toy at the exchange step were varied. The figures show high-visibility
quantum oscillation as well as continuous evolution of rotation axis on the
Bloch sphere as Aex is varied over different regimes, where 7>* is limited by
the charge noise for J(&)>AB_ or by fluctuations in AB_ for J(g)~0.

The fast Fourier transform (FFT) of the exchange oscillations along the
exchange detuning axis (Figs. 3(c) and 3(f)) confirms the control of the STy
qubit over the two axes on the Bloch sphere for both Qi and Qr, which is
consistent with the expected qubit energy splitting (Fig. 3(c), top panel). We

emphasize that the measurement of two qubits is possible with one
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accompanied rf-set, which can be useful for the linear extension of the STy
qubits because the charge sensor does not need to be aligned with the QD
array. In this work, we focused on independent two single-qubit gate
operation; nevertheless, we expect that long 771 at EST readout will allow the
sequential measurement of two qubit states for a given quantum operation,
which, in turn, will allow two qubit correlation measurement, enabling full
two qubit state and process tomography in the future. Characterization of
the two qubit interaction of STy qubits in the current quadruple dot array, for
example by dipole coupling [6,9] or exchange interaction [32], is the subject

of current investigations.
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Fig. 3. High-visibility two-axis control of two ST, qubits. (a) ((d)) Coherent ST,
oscillation of Qu (Qr) under large AB_. Electronic bandwidth-limited 81% (64%)

quantum oscillation visibility is defined by the oscillation amplitude. (b) ((e))

Coherent exchange oscillation and two-axis control of Q. (Qr) on the Bloch sphere.

The top panel of (b) shows the Ramsey pulse sequence where the first 7/2 pulse
induces equal superposition of S and Ty spin states, and the phase evolution under

non-zero J(g) is probed by the second 7/2 pulse. By varying the pulse

amplitude Aex and the evolution time 7,y at the exchange step, the high-

resolution rotation axis evolution and an energy spectrum consistent with the
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expected functional form of J(g&) [29], the schematic of which is shown in the

top panel of (¢), are confirmed by the fast Fourier transform (FFT) plots in (c) ((f)).

4.4. Methods

4.4.1. Device Fabrication
The quadruple QD device was fabricated on a GaAs/AlGaAs

heterostructure with a 2DEG formed 73 nm below the surface. The transport

property of the 2DEG shows mobility 4 =2.6x10°cm’V"'s™ with electron

2

density n=4.6x10"cm™ and temperature 7 = 4 K. Mesa was defined by
the wet etching technique to eliminate the 2DEG outside the region of
interest. Ohmic contact was formed through metal diffusion to connect the
2DEG with the electrode on the surface. The depletion gates were fabricated
on the surface using standard e-beam lithography and metal evaporation.
The QD array axis was oriented parallel to the [011] crystallographic
direction of GaAs. Subsequently, the micromagnet was patterned

perpendicular to the QD array using standard e-beam lithography, and a Ni

10 nm/Co 200 nm/Au 5 nm was deposited using metal evaporation.

4.4.2. Measurement

The experiments were performed on a quadruple QD device placed on the
20 mK plate in a commercial dilution refrigerator (Oxford instruments,
Triton-500). Rapid voltage pulses generated by Agilent M8195A arbitrary
waveform generator (65 GSa/s sampling rate) and stable dc voltages
generated by battery-operated voltage sources (Stanford Research Systems
SIM928) were applied through bias-tees (picosecond Pulselabs 5546) in the
dilution refrigerator before applying the metal gates. An LC-resonant tank
circuit was attached to one of the ohmic contacts near the rf-set with a

resonance frequency of ~110 MHz for homodyne detection. The reflected
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rf-signal was first amplified at 4 K with a commercial cryogenic amplifier
(Caltech Microwave Research, CITLF2) and then further amplified at room
temperature with home-made low-noise amplifiers. Signal demodulation
was performed with an ultra-high-frequency lock-in amplifier (Zurich
instrument UHFLI), and the demodulated amplitude was processed using a
boxcar integrator built in the UHFLI for CDS. The CDS peaks were counted
with an external photon counter (Stanford Research, SR400). The pulse
parameters could be rapidly swept via a hardware looping technique, which

enabled fast acquisition of the Apg_oscillations. In section 4.4.2.S1, we

show the details of the measurement setup, CDS technique, and signal

analysis.

4.4.2.S1. Measurement setup

A rf-single electron transistor (rf-set) sensor is operated to detect the
charge states of the STo qubits in our device. For the rf-reflectometry,
impedance matching tank circuit as shown in Fig. 2.S1 is attached to the rf-
ohmic contact of the device, and the 100 pF capacitor is connected in series
to the other ohmic contact (depicted on the micromagnet) to serve as a rf-
ground. With the inductor value L = 1500 nH and the parasitic capacitance
Cp = 1.4 pF of the circuit board, the resonance frequency is about 110MHz,
and the impedance matching occurs at rf-set sensor resistance approximately
0.5 h/e* where h is Plank’s constant and e is the electron charge. A
commercial high frequency lock-in amplifier (Zurich Instrument, UHFLI) is
used as the carrier generator, rf demodulator for the homodyne detection,
and further signal processing such as gated integration and timing marker
generation. Carrier power of -40dBm power is generated at room
temperature and attenuated through the attenuators and the directional
coupler by -50 dB in the input line. The reflected signal is first amplified by
25 dB with commercial cryogenic amplifier (Caltech Microwave Research
Group, CITLF2), and further amplified by 50 dB at room temperature using
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a home-made low-noise rf amplifier. Demodulated signal is acquired with a
data acquisition card (National Instruments, NI USB-9215A) for raster
scanning and also boxcar-averaged with the gated integrator module in the
UHFLI for the correlated double sampling described above. For single-shot
readout, the CDS output is counted with a high-speed commercial photon
counter (Stanford Research Systems, SR400 dual gated photon counter). A
commercial multichannel scalar (Stanford Research Systems, SR430
multichannel scaler & average) is also used for time correlated pulse

counting for tunneling rate calibration.
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line indicates the input (reflected) signal. Reflected signal is demodulated and

processed for single-shot event counting as shown in the block diagram.
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4.5. Conclusion

High-visibility readout of the STo qubit at large Ap_ is necessary for
high-fidelity STo qubit operations [6,36]. We performed high-visibility
single-shot readout of two adjacent STy qubits at Ap_ of 100 mT by direct
EST with one rf-set. No mixing between To and (1,1)S state was observed at
the EST readout point, which would allow sequential readout of multiple
arrays of qubits due to the long 7i. Full one-electron signal difference
discriminates the S and Ty states compared to other readout methods where
the dipolar charge difference is measured to readout the STo qubit states
[12,15]. This feature can be especially useful for scaling up the STy qubits
for the following reasons: 1) the large signal contrast can result in high
visibility and low measurement error, and 2) the sensor does not need to be
aligned along the QD array. Especially for GaAs spin qubits, high-visibility
STo qubit readout allows fast nuclear-spin fluctuation measurements, which
will enable accurate feedback/stabilization of the nuclear spin bath for high-
fidelity qubit control [2,25,36]. Furthermore, our method does not require
additional metastable states [14,16,40] or pulsing sequences for high-

fidelity measurements at large AB. [13,15], showing that the experimental

complexity is greatly reduced. EST readout of STy qubits in nuclear spin-
free systems, including Si, may also enhance the measurement fidelity by
providing even longer 7 for electron spins [7,41,42].

Because the highest bandwidth potential of rf-reflectometry cannot be
fully exploited with the CDS technique used in this study, we expect that the
use of FPGA to detect the peaks from the bare rf demodulated single-shot
traces will enhance the visibility to at least 93% (86%) for QL (Qr). The use
of FPGA programming will also allow faster nuclear environment
Hamiltonian learning [36], which can be useful in, for example, studying the

time-correlation of nuclear spin bath fluctuations at different QD sites. We
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roughly estimated the thermal excitation arising from the relatively high
electron temperature of 230 mK (see 4.3.1.S1), and the colored low-
frequency electronic noise present in the current setup [43] reduced the
visibility by a few percent, which can explain the slight disagreement
between the experimental and calculated visibility. In the future, we plan to
improve the performance by adopting an FPGA-based customized
measurement, reducing electron temperature, and further optimizing the
electronic signal path. However, even with the current limitations, the

achieved visibility of 81% for STo qubits at large Ap. shows potential to

realize high-fidelity quantum measurements in scalable and individually

addressable multiple QD arrays in semiconductors.
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5.1. Abstract

We report energy-selective tunneling readout-based Hamiltonian
parameter estimation of a two-electron spin qubit in a GaAs quantum dot
array. Optimization of readout fidelity enables a single-shot measurement

time of 16 US on average, with adaptive initialization and efficient qubit

frequency estimation based on real-time Bayesian inference. By triggering
the operation sequence conditional on the frequency detected in the probe
step, we observed a 40-fold increase in coherence time without resorting to
dynamic nuclear polarization. We also demonstrate active frequency
feedback with quantum oscillation visibility, single-shot measurement
fidelity, and state initialization fidelity up to 97.7%, 99%, and over 99.7%,
respectively. By pushing the sensitivity of the energy-selective tunneling-
based spin-to-charge conversion to the limit, the technique is useful for

advanced quantum control protocols such as error mitigation schemes,
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where fast qubit parameter calibration with a large signal-to-noise ratio is

crucial.

5.2. Introduction

The efficient and precise characterization of a quantum system is
important for building scalable quantum technologies that are robust to
noise stemming from a fluctuating environment [1,2]. Estimating
Hamiltonian parameters faster than the characteristic noise fluctuation time
scale is essential, where knowledge gained from the measurement is used
for correcting, for example, control errors due to unknown qubit frequencies
[2-4]. Active measurement-based feedback for example is used to enhance
quantum sensing [5,6]. For semiconductor quantum dot (QD)-based spin
qubit platforms, Hamiltonian parameter estimation applied to GaAs has
shown that the effect of quasi-static nuclear spin fluctuation can be strongly
suppressed for both single spin [7] and singlet-triplet qubits [2]. While the
development of spin qubits in nuclear noise-free group-IV materials such as
28Si shows impressive progress in increasing single spin qubit coherence
times [8,9], two-qubit control fidelity is often impeded by charge noise,
which is also often sufficiently non-Markovian [10] and hence suppressible.
Thus, fast Hamiltonian learning methods are expected to be used for a wide
range of materials in noisy intermediate-scale quantum systems.

The fast single-shot measurement of qubits with high fidelity is a
prerequisite for enabling Hamiltonian estimation. Semiconductor spin qubit
devices mostly utilize a nearby charge sensor, where spin states are
distinguished via spin to charge conversion mechanisms such as energy

selective tunneling (EST) [11,12] or Pauli spin blockade (PSB) [13]. While
both mechanisms are applicable for the detection of single spin [11], singlet-

triplet (STo) [13], and exchange only qubits [14], PSB-based readout has

been predominantly used for real-time Hamiltonian estimation owing to its
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deterministic readout time and fast initialization capability, providing a

repetition period down to a few US [15]. Depending on the device geometry

and relaxation time scale, however, direct application of PSB often suffers
from small signal contrast due to sub-optimal sensor position relative to
double quantum dot (DQD) or fast relaxation at the readout condition due to
large magnetic field difference-induced singlet state tunneling or the effect
of spin-orbit coupling [16]. Variants of PSB-based readout have been
developed using electron latching mechanisms in sufficiently isolated
quantum dots [17,18] or by mapping fragile triplet-zero states to the states
outside the qubit space [19], circumventing some of the PSB-readout’s
known disadvantages. For Si devices, high readout visibility has been
demonstrated using both PSB and EST readout owing to relatively long
relaxation time compared to that of GaAs devices [20-22]. However, so far
the experiments using GaAs devices showed intermediate quantum
oscillation visibility below 80% using PSB readout.

The EST-based single-shot readout, on the other hand, guarantees a signal
contrast corresponding to a full electron charge and long relaxation time
[23,24]. As the Hamiltonian learning efficiency is directly affected by the
ideality of the likelihood function, the large signal-to-noise ratio (SNR) of
the EST readout at a given sensor integration time can potentially be used
for real-time Hamiltonian parameter estimation. Because the EST readout
suffers from the intrinsically probabilistic nature of electron tunneling,
requiring a longer waiting time than the PSB readout [25], it is important to
determine whether the current state-of-the-art sensitivity of the RF-charge
sensor can provide an EST-based readout that is sufficiently fast and
simultaneously has a large SNR to enable efficient qubit frequency
estimation on the fly.

In this study, we demonstrate real-time Hamiltonian parameter estimation
by EST-based single-shot readout with sub-MHz accuracy in qubit
frequency verified by observing over a 40-fold increase in coherence time
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T>* compared with bare evolution which is known to be on the order of 20
ns in GaAs [13]. With real-time frequency selection and active frequency
feedback, the single-qubit operation performance in terms of initialization,
manipulation, and measurement fidelity is one of the best figures reported
thus far for semiconductor spin qubits, providing a promising route for
applying the EST-based single-shot readout method to various qubit

operations.

5.3. Results

5.3.1. Introduction of Bayesian estimator for qubit measurement

The quantum system that we study is an STo qubit with a basis state

singlet |S> and triplet-zero |TO>, which is formed by two gate-defined

lateral QDs. Fig. 1(a) shows a scanning electron microscope image of a
quadruple quantum dot device similar to the one we measured. Au/Ti gate
electrodes were deposited on top of the GaAs/AlGaAs heterostructure,
where a 2D electron gas is formed 70 nm below the surface. Focusing on
the DQD denoted by green circles in Fig. 1(a), high-frequency voltage
pulses combined with DC voltages through bias tees are input to gates Vi,
V>, and Vm to control the chemical potential and inter-dot tunnel rates, while
the gates that are irrelevant to this experiment are grounded. Fast RF-
reflectometry was performed by injecting a carrier frequency of ~125 MHz
with an estimated power of -100 dBm at the Ohmic contacts and monitoring
the reflected power through homodyne detection. The device was operated
in a dilution refrigerator with base temperature ~7 mK and at 0.5 t0 0.7 T
of an external magnetic field Hex applied in the direction shown in Fig. 1(a).

The measured electron temperature is =72 mK (see 5.3.1.S1).

The qubit Hamiltonian is given by H :?0 +%O‘x , where J(¢&)

z

is the exchange splitting between states |S> and |TO> controlled by
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potential detuning &, o is the Pauli matrix, and AB; is the magnetic

i=x,y,z

field difference between QDs set by the hyperfine interaction with the host

Ga and As nuclei. We adopted units where g*u,/h = 1, in which g* =
—0.44 is the effective gyromagnetic ratio in GaAs, g, is the Bohr

magneton, and 4 is Planck’s constant. With the quantum control provided by

rapidly turning on and off J(¢), the main task is to estimate AB,, which

varies randomly in time owing to statistical fluctuations of the nuclei. The
basic idea of the Bayesian inference is to update one’s knowledge about
Hamiltonian parameter (update of the probability distribution) by comparing
the measurement results with the qubit’s expected phase oscillation behavior
for a certain evolution time under the known Hamiltonian form (likelihood
function). Based on the single-shot projective measurement of the time
evolution of the qubit around the x-axis on the Bloch sphere for evolution
time # = 4k ns (Larmor oscillation), Bayesian inference is performed by the

following rule up to a normalization constant [2]:

P(AB,

mN,mN_l,..-ml)=a(AB»ﬁ%[mk(a+ﬂcos<zﬂABzrk>)J (1)

k=1
where N is the number of single-shot measurements per Hamiltonian

estimation, F,(AB.) is the uniform initial distribution, r =1(-1) for
measurement result m, = |S >(|TO>), and «(p) is the parameter determined

by the axis of rotation on the Bloch sphere (oscillation visibility). After the

N™ single-shot measurement and estimation, the Bayesian estimator finds

the value of AB; where the posterior distribution P(AB_|m,,m,_,,...m,) is

the maximum.
1
In the likelihood function E[l +r(a+ PBcos(27ABt,)], ideally, o =0

and f=1. Fig. 1(b) shows the simulation results of the Bayesian estimator’s

performance, which is evaluated by the root mean squared error between the
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true and estimated AB,. Compared to the low-visibility case (f= 0.5),

corresponding to a large measurement error due to, for example, a small

SNR or fast state relaxation, the high-visibility case (f= 0.9) shows a large

improvement in the rate of convergence to the true AB,, reaching sub-MHz
accuracy in less than N = 70. To date, Bayesian estimations of quantum dot

spin qubits have been performed with intermediate visibility (f~0.7) [2,3]

requiring N > 120 for practical Hamiltonian estimation. Below, we show

that the EST readout indeed provides [ reaching unity enabling efficient

frequency detection and feedback.

By dividing the experimental sequence into probe and operation steps,
Fig. 1(c) shows a schematic block diagram and an example scope trace. We
set the integration time of the RF demodulator = 200 ns, at which SNR =

9.2 (see 5.3.1.S2). The single-shot measurement time was set to 15 s,
during which the dot-to-reservoir tunnel rate tuned to the order of 1 MHz
ensures that a tunnel-out event occurs for the state |To> For the probe

sequence, we diabatically pulse the charge configuration from (2,0) to (1,1),
corresponding to rapidly turning off J. In addition, the calculation time

according to Eq. (1) is ~10 us after the k™ measurement. For the

operation, there are two types of modes. The first is heralded mode where
the operation is conditionally triggered only when the estimated qubit

frequency in the probe step falls within a preset tolerance 0(AB,),, around

set
the target frequency AB;, resulting in an estimated qubit frequency in the

range of AB_, +5(AB,),, . Once a short operation on the order of 20 shots

set *

is finished, one has to wait for the next AB_, +6(AB,), to happen where

set

waiting time can be long if 6(AB,),, is, for example, less than a few MHz.

set
This operation mode is conceptually similar to Ref. [26] where the main
purpose of the Bayesian estimator-based heralding was to effectively

suppress thermally induced initialization error. The second is the active
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feedback mode where resonant modulation of J(g) (Rabi oscillation) is

performed using the frequency obtained from the probe step. Here,

O0(AB)),, 1s typically set to more than 70 MHz and the control frequency is

set
actively adjusted so that the waiting time is minimized. For both the probe
and operation sequences, we apply an adaptive initialization step [26,27]
where the controller triggers the next experiment provided that the last

sampled signal value is below the preset threshold value, that is, if the state

is |S > Including all the latency components, the repetition period for one

probe (operation) step is approximately 26 (16) HUS on average (see

5.3.1.S3). Fig. 1(d) shows typical histograms of AB;obtained by repeatedly
running the probe step only at different Hex:, showing fluctuation about a
non-zero mean value. Note that the average AB, depends on Hey. While the
exact origin of this is not well understood to date, numerous previous
studies in GaAs quantum dot report similar behavior [28,29], and we adjust
Hex: to set the most probable AB; about 30 MHz (110 MHz) for the heralded

(active feedback) mode.
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Fig. 1. (a) Scanning electron microscopy image of a device similar to the one used
in the experiment. Green (yellow) circles indicate the position of quantum dots for
the STo qubit (RF single-electron transistor). An external magnetic field Hex
ranging from 0.5 to 0.7 T is applied to the z-axis as indicated by the blue arrow.
The scale bar is 500 nm. (b) Root mean squared error of the Bayesian estimator as

a function of the number of single-shot measurements N and visibility f. (c) Left

panel: block diagram of the experimental procedure including the probe and
operation step, where the latter is performed either in heralded or active feedback
mode. Right panel: example scope trace of the charge sensor signal during the
probe and operation steps. Gray trace: RF-demodulated sensor signal with a signal-

to-noise ratio (SNR) = 9.2 at the integration time #n =200 ns. Blue trace: trigger
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signals marking the start timings of each probe and operation step. The red dots
show the timings of the initialization check sequences. For example, the trace after

(N-1)™ probe shows a rare case that the state initialization by electron tunneling-in

event happens to take over 10 s . (d) Histograms of the qubit frequency AB,

obtained by running the probe step 10000 times at two different Hex. For the

heralded (active feedback) mode, S(AB,)., on the order of 1 MHz (few tens of

set

MHz) around an average AB, of 30 (110) MHz was chosen. Green dashed lines

indicate a tolerance window 25(AB,).,, .
5.3.1.S1. Charge stability diagram and electron temperature

Fig. 1.S1(a) shows the charge stability diagram as a function of gate
voltages V1 and V> showing the relevant region for the EST-Bayesian of our
STo qubit, where initialization/read-out points in (2,0) and the operation
point in (1,1) are depicted as black circles. Fig. 1.S1(b) shows the
normalized charge transition signal of the last electron in the left quantum
dot as a function of V7 at the mixing chamber temperature Tmixing = 7 mK.
This data is fitted to the Fermi-Dirac distribution curve given by

1 a ) )

P)= T e 4= , where a and b are fitting parameters, « is
1

e +1 k,T,

e

the lever-arm for Vi, ks is the Boltzmann constant, and 7. is the electron
temperature. The 1/a extracted at several different Tmixing is converted to e
using a = 0.0497 meV/mV obtain from the linear relationship for Tmixing >

100 mK as shown in Fig. 1.SI(c) [30]. From a power law

1

T.(T, )¢ where Ts is a saturation limit of Te at Thixing = 0

mixing

) = (T sk +T, rrlfixing
mK and £ is an exponent that depends on the thermalization mechanisms,
we estimate 7s = 72 mK and &k = 3.35, indicating that Wiedemann-Franz
cooling is a dominant cooling mechanism rather than electron-phonon

cooling [31].
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Fig. 1.S1. (a) Charge stability diagram measured at the mixing chamber
temperature Tmixing = 7 mK. The Yellow dashed line indicates the boundary of the
EST-readout window. (b) Normalized charge transition signal from (1,0) to (0,0) as
a function of Vi at Tmixng = 7 mK. (¢) Electron temperature 7. extracted from
broadening of the Fermi-Dirac distribution as a function of Tmixing showing

estimated 7. of 72 mK at Tixing = 7 mK.

5.3.1.S2. Charge sensitivity

We evaluate the sensitivity of the charge sensor by observing the
integration time tinx dependence of the signal-to-noise ratio (SNR). We
define the SNR by AV /o, where AV is the sensor signal contrast for a
single electron charge transition and o is the rms noise amplitude at a

given tin. The sampling rate of the oscilloscope is set above 200 MHz. As

shown in Fig. 1.S2, the SNR is proportional to\/? and we linearly fit the

nt
SNR? to extract the minimum integration time for achieving SNR =1, 7

min

of 2.45 ns [32].
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Fig. 1.S2. Signal to noise ratio (SNR) of the RF-single-electron transistor charge

sensor as a function of integration time . The minimum integration time 7 ~

2.45 ns corresponding to the integration time for achieving the unit SNR is

obtained from extrapolating a linear fit to the data.

Using 7. as a suitable metric for binary charge detection sensitivity

e\, [24,33], we compare performances of the recently published works

as shown in Table 1.S1 [24,32,34-36] showing that the charge sensitivity
achieved in this work is one of the best values available. By comparison, the
charge sensor used in this work is more sensitive than a dispersive sensor
with a cavity-coupled Josephson parametric amplifier [32] but less sensitive
than a similarly prepared RF-SET in a strong quantum dot — sensor

capacitive coupling regime [24].
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Literature Tmin(NS)  Charge Sensitivity (evHz)

C. Barthel et al. (2009)Ref- 5 400 6.32 x 107*
C. Barthel et al. (2010)Ref. 6 23 1.52x 107*
J. Stehlik et al. (2015)Ref- 2 7 8.37 x 1073
D. Keith et al. (2019)Ref- 3 1.25 3.54 x 10~5
A. Noiri et al. (2020)Ref- 7 38 1.95 x 10~*
Our work (2022) 2.45 495 x 105

Table 1.S1. Comparison of minimum integration time 7 . and corresponding

min

charge sensitivity.

5.3.1.S3. Measurement setup and FPGA implementation

An RF-single electron transistor (RF-SET) sensor is used to detect the
quantum states of the STo qubit. An impedance matching tank circuit as
shown in Fig. 1.S3 is attached to the RF-ohmic contact of the device. With
the inductor value L = 1500 nH and the parasitic capacitance C, = 1.4 pF of
the circuit board, the resonance frequency is about 125 MHz, and the
impedance matching occurs when the conductance of the RF-SET sensor is
approximately 0.5 h/e*> where h is Plank’s constant and e is the electron
charge. A commercial high-frequency lock-in amplifier (Zurich Instrument,
UHFLY) is used as the carrier generator, RF-demodulator for the homodyne
detection, and further signal processing units such as gated integration and
timing marker generation. Carrier power of — 40 dBm is generated at room
temperature and further attenuated through the cryogenic attenuators and the
directional coupler by -60 dB. The reflected signal is first amplified by 50
dB with a two-stage commercial cryogenic amplifier (Caltech Microwave
Research Group, CITLF2 x 2 in series), and further amplified by 25 dB at

room temperature using a home-made low-noise RF amplifier.
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Fig. 1.83. Measurement setup for radio frequency (RF)-reflectometry and signal
block diagram. An impedance matching tank-circuit (L ~1500 nH, C, ~1.4 pF) is
attached to the RF-SET sensor Ohmic contact for homodyne detection. The yellow
(green) line indicates the input (reflected) signal. The reflected signal is
demodulated in the UHFLI, and subsequently processed in a Field Programmable
Gate Array (FPGA) for the EST readout-based Bayesian estimation.

For real-time data processing, we implement a digital logic circuit with a
Field Programmable Gate Array board (FPGA, Digilent Zedboard with
Zyng-7000 XC7Z020-CLG484). The RF-demodulated analog signal from
the UHFLI is input to the 12-bit ad-converter of the FPGA. For single-shot
discrimination, the transient tunneling events of the qubit state are
thresholded in real-time by comparing the preset threshold value with the
data in parallel. The discriminator records bit 1 immediately when data
above the threshold value is detected. The bit 0 is recorded when such
events did not happen throughout the preset measurement period of 15 ps.

The Bayesian estimation after a single shot measurement for the probe step
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is carried out by calculating the posterior probability distribution for 512
values of AB, between 10 and 160 MHz. We use a look-up table (LUT)
storing all the possible values of the likelihood function in the Block RAM
inside the FPGA and design a 512-parallelized calculation module to
minimize latency due to data processing. After the calculation, the FPGA
follows either of the following steps depending on the operation mode. For
the heralded mode operation, the user-defined controller triggers the
operation step provided that the AB, calculated after the N" Bayesian update

is in the range AB_,+J5(AB,),, where AB,; is the target frequency and

set

O0(AB)),, is the preset tolerance. For the active feedback mode, the FPGA

set
converts the estimated AB, into a 9-bit digital signal and sends it to the
digital input/output port of the arbitrary waveform generator (Zurich
Instruments, HDAWG). The HDAWG applies the square-wave enveloped
sinusoidal waveform with the frequency corresponding to the digital value
to Vm using the multifrequency modulation function. For both probe and
operation steps, an adaptive state initialization is performed by acquiring a
200 ns long sample and thresholding repeatedly until the lastest value falls
below the threshold. For the entire data processing, about 60% of LUT and

38% of Flip Flop resources were used.

5.3.2. Optimization of Bayesian estimators

First, we demonstrate the performance of the EST readout-based
Bayesian estimator using the heralded mode operation. Fig. 2(a) shows the
representative Larmor oscillations measured in the heralded mode, where P

is the triplet return probability with N =70, AB,. =30 MHz, and J(AB,)) =

set

0.1 MHz. The measurement of 7>*(N), extracted by fitting the Larmor
oscillations to a Gaussian decay for a given N, reveals the uncertainty of the

EST-Bayesian estimation, as shown in Fig. 2(b). The initial increase in

101



T>*(N) corresponds to an improvement in the estimation accuracy.
Eventually, 7>* reaches an optimal coherence time of over 800 ns near N =
70 and subsequently decreases for N > 80. This reflects the effect of nuclear
fluctuation during the long estimation period consistent with the variance of
the estimated AB, increasing linearly with time as shown in Fig. 2(c),

exhibiting diffusive behavior with diffusivity D = 10.16 kHz*/ps [2].

Fig. 2(d) shows the O(AB,), dependence of the experimental estimation

set

uncertainty extracted from the measured 72*, o,, = 1/ x/znTz * [37]. As

we set the tolerance more stringently (smaller J6(AB)).,), 7>* increases

set

correspondingly. The residual uncertainty of the EST readout-based

Bayesian estimator when OJ(AB)),, = 0 is approximately 0.25 MHz.

set
Considering that this uncertainty is measured using the Larmor operation

step, which takes 0.32 ms (16 us x 20 shots) after the probe step, it is likely

overestimated by the nuclear fluctuation during the operation step. Thus, we
conclude that our Hamiltonian estimation scheme enables qubit frequency
estimation in 70 shots with an accuracy better than 0.25 MHz. Note also that
while the maximum 72* = 835 ns we observe is less than the PSB readout-
based Hamiltonian estimation [2], the actual performance of the PSB and
EST readout-based Bayesian estimators is difficult to directly compare so
far because the dynamic nuclear polarization [3,38] is not used before the

probe step in the current experiment.
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Fig. 2. (a) Representative Larmor oscillations with N = 70 showing coherence time
T>* = 835 ns, with a fit to a Gaussian decay function (red envelope and blue
oscillatory fit). The triplet return probability P; is calculated using 100 shots per
point. (b) 7>* as a function of N, showing an optimal N = 70, where 7>* is 835 ns

with target frequency AB, = 30 MHz and tolerance 6(AB,),, = 0.1 MHz. (¢

set

The variance of the continuous EST-Bayesian estimation traces as a function of

elapsed lab time, showing a diffusion process of the AB, with the diffusivity
(10.16£0.06 kHz)’ / us . (d) The experimentally measured uncertainty of the

frequency estimation o,, as a function of the half-width of the tolerance

o0(AB)),, -
5.3.3. Application of Bayesian estimators for quantum oscillations

We now discuss the application of the EST readout-based Hamiltonian
estimation to general single-qubit operations using the heralded (active
feedback) mode corresponding to the results in Fig. 3 (Fig. 4). Fig. 3(a)
shows coherent Larmor oscillations with AB,; = 30 MHz, where P was

measured with 100 shots per point. The oscillation shows the visibility of

103

SR

TU



approximately 97.7%. Considering the possible deviation of the rotation
axis from the x-axis of the Bloch sphere on the order of 1 degree due to
residual J and imperfect non-adiabaticity due to finite rise time (~0.4 ns) of
the waveform generator, the result shows that the EST readout-based
Bayesian method enables accurate qubit frequency estimation and high
measurement fidelity at the same time, leading to near ideal visibility. By
comparing the oscillation with the numerical simulation, we estimate
measurement fidelity of 99% with less than 0.1% initialization errors for the
heralded mode (see 5.3.3.S1, see also below for corresponding results for
the active feedback mode).

By switching the operation sequence to symmetric barrier-pulse operation,
recently demonstrated in Ref. [39], Fig. 3(b) shows representative coherent
exchange oscillations with AB,; = 30 MHz, and J = 75 MHz. Using the
same measurement condition in Fig. 3(b), a two-dimensional map of the
exchange oscillations is measured as a function of exchange amplitude Aex
and exchange duration 7. (Fig. 3(c)), showing the oscillations with a high-
quality factor Q. Moreover, O(J) follows the general trend observed in
previous results [39] where Q (Tyecay) tends to saturate (decrease) at large J
owing to the crossover from nuclear noise to electrical noise-limited
decoherence. While the maximum Q of ~40 is comparable to that in the
previous report [39], our EST readout-based Bayesian method effectively
suppresses the AB, fluctuation, leading to the observation of Q > 30 in a

wide range of J.
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Fig. 3. (a) Top: Pulse sequences applied to gates V', and V> for coherent Larmor
104



oscillations measurement. Bottom: Larmor oscillations with visibility higher than
97% (b) Top: Pulse sequence for coherent exchange oscillations. The blue (red)
pulse is applied to V1 and V> (Vm) to induce potential detuning (abrupt exchange
coupling). Bottom: Corresponding exchange oscillations at J = 75 MHz, AB,; = 30
MHz showing charge noise-limited coherence time Tgecay = 450 ns. (c) Exchange
oscillations as a function of barrier pulse amplitude 4. and evolution time f.. (d)
Taecay and the quality factor O, defined as the number of oscillations per Tgecay as a

function of exchange coupling J.

5.3.3.S1. Visibility analysis

We analyze the visibility of the quantum oscillation shown in Fig. 3 with
a numerical model which includes the thermal tunneling, and the false
initialization errors. The analysis essentially amounts to combining the
visibility with the computed readout infidelities to extract the relevance of
other effects. We first evaluate the tunneling detection infidelity of our
readout circuit by numerically simulating the histogram of the RF single-
shot traces [23,40]. Following the Ref. [23], we fit the numerical histogram
obtained from the simulated traces to the experimental histogram which
yields the tunneling detection error (Fig. 3.S1(a)) of E1 (EN) ~ 1.4 % (0.7 %)
where the Et (EN) corresponds to the infidelity for detecting the tunneling
(no-tunneling) events.

Based on the tunneling detection infidelities, we extract the state
measurement fidelities by fitting the Larmor oscillation curve to the
numerical model which comprises the state relaxation, false initialization,
and the thermal tunneling errors, where the following parameters describe
the error rates respectively.

as : Thermal tunneling probability of the singlet (S) state

[r1s) : Probability for the qubit state to be initialized to the triplet (singlet)

state

: Relaxation probability ~ zouw/T1 ~ 0.3% where we use 71 ~ 337 pus

previously measured in Ref. [23] as a rough estimate. While 7' time can
105



be different depending on tuning conditions, we obtain measurement

fidelity consistent with that of gate set tomography (see section S5 below).

With Pip(t) ~ sin’(#AB.7) corresponding to the ideal diabatic Larmor

oscillation under the magnetic field gradient AB, , we estimate the

probability Pi(7) (i = S, To, T+, T-), which is the realistic probability for the
qubit state to be at one of the two-spin states after the manipulation. We
assume the polarized triplet states 7%, and 7. states are not involved in the
coherent dynamics at the manipulation stage, and all three triplet states have
the same relaxation rates to the ground (singlet) state. We also suppose that
false initialization probability to each of three triplet states is all equal to
S1/3. The estimation procedure is as follows.

1) Ps(7) : Probability for the final qubit state to be S after the manipulation.

- Initializes to S (fs), does not flip under the manipulation pulse (1- Pnip(7))

- Initializes to S (fs), flip under the manipulation pulse (Prip(7)), relax to the
ground state ()

- Initializes to Ty (#1/3), flip under the manipulation pulse (Prip(7))

- Initializes to 7+ or 7- (2f1/3), relax to the ground state (»)

= Ps(t) = Bs[1 - Py, (7) + Py, (D)7 ]+ ﬁ% [Py, (D) + (1= By (0)1)]+ 2p % 4

i1) Pro(r) : Probability for the final qubit state to be the 7y after the
manipulation.

- Initialize to S (fs), flip under the manipulation pulse (Prip(z)), does not
relax to the ground state (1-p)

- Initialize to 7o (f1/3), does not flip under the manipulation pulse (1-

Prip(7)), does not relax to the ground state (1-p)

= Pru(®) = BB (1= 1)+ P2 (1= B )1 -7)

ii1) Pr(7) (Pr.(7)) : Probability for the final qubit state to be the 7+ (7-) after

the manipulation.
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- Initialize to T+ (T-) (f1/3), does not relax to the ground state (1-p)

= Pr+(t) = Pr(7) :’8%(1‘7)

Combined with the tunneling detection infidelities, the probability for the
tunneling event to be detected Pp(z) can be calculated as, Pp(z) = (Pro(7) +
Pri(7r) + Pr(0))(1-E1) + Ps(r)En + o0sPs(7)(1-E1). We neglect the terms
proportional to EtmEn. By fitting the Pp(r) to the measured Larmor
oscillation (Fig. 3.S1(b)), we extract the thermal tunneling error as~ 0.6 %,
and fr < 0.1 %. Note that the adaptive initialization scheme described
above facilitates very low false initialization error fr and we expect the
accurate measure of the fr should be possible with the self-consistent
tomography schemes [41]. Also, large Est/ksT. at the EST readout position
provided by singlet-triplet splitting Est on the order of 30 GHz [9] enables
as < 1 %. Based on the error rates, we evaluate the singlet (triplet)
measurement fidelity Fs (Fro) ~ 99.28 % (~ 98.53 %) yielding the total
measurement fidelity about 99 %. This corresponds to the quantum

oscillation visibility of ~ 98 % consistent with the observation.
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Fig. 3.S1. Quantum oscillation visibility analysis. (a) Tunneling (no-tunneling)
detection infidelity shown in blue (green) curves. At the optimum threshold voltage,
the error rate for the tunneling (no-tunneling) detection Et (En) ~ 1.4 % (0.7 %) is
obtained. The red curve corresponds to the total error (Et + En) as a function of the
threshold voltage. (b) Experimental Larmor oscillation curve (green dot) and the
numerical model (green curve) comprising the thermal tunneling, false

initialization, and the relaxation errors. Fit to the model yield thermal tunneling
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error (as) ~ 0.6 % with the false initialization error (f1) < 0.1 %.

5.3.4. Application of Bayesian estimators for active feedback mode
Although the heralded mode operation exemplifies the performance of the
EST readout-based Hamiltonian estimator with minimal overhead in the
Bayesian circuit, the main drawback of this mode is the low duty cycle
(actual operation/waiting time) since one has to wait for desired AB, to
happen. Depending on a preset tolerance, the resulting duty cycle can be <
1%. Thus we further develop our methodology using ac-driven qubit
operation in active feedback mode. The pulse sequence for qubit operation
is the same as in Fig. 3(b) except that a sinusoidal RF pulse is applied to V'm

using the frequency detected in the probe step to resonantly modulate J(¢).

In this manner, the total waiting time is reduced down to one probe step (70

shots x 26 us = 1.82 ms). Fig. 4(a) shows the coherent Rabi oscillation

measured as a function of the RF pulse duration and controlled detuning df.

The pulse amplitude 4rr (measured at the output of the signal generator) is

chosen to maximize the Q factor Oy, = frwilrs =12 with the Rabi

frequency fravi of 6.05 MHz and the Rabi decay time Travi of 1.71 ps (see
the inset to Fig.4 (a)). Notably, the oscillation visibility reaches
approximately 97.6 %, (Fig. 4(b)). This near-ideal visibility of the RF-
driven oscillation even without dynamic nuclear polarization again reveals
the precise qubit frequency estimation and high measurement fidelity
simultaneously enabled by the EST readout-based Bayesian estimator.
Furthermore, we perform the standard randomized benchmarking (RB)
and interleaved randomized benchmarking (IRB) where single-qubit gates X,
Y, X/2, Y/2, =X/2, and —-Y/2 are interleaved to random Clifford gates [42-
44]. The recovery gate is chosen such that the final state is ideally singlet,
and the gate fidelity is obtained by fitting the measured data to the

exponentially decaying curve (see 5.3.4.S1). From RB and IRB, we find
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Fayg of 96.80 % and Fx of 99.13 %, the latter being close to the Q-factor

limited value ¢™/%)" =99.76+0.03 %.

To compare the state preparation and measurement (SPAM) errors
between two operation modes, we perform gate-set tomography (GST) [41]
for the active feedback mode. Fig. 4(d) shows the density matrix (top row)
and the Pauli transfer matrix (PTM, bottom row), which are obtained using
a single qubit GST protocol with a gate set {I, X/2, and Y/2} (see 5.3.4.S1).
By comparing the measured PTM to the ideal PTM, we obtain Fx, =
99.05 % and Fyn =98.2 %, consistent with the values obtained from IRB.
Furthermore, the GST yields the initialization fidelity of 99.7% and
measurement fidelity of 98.3%. We ascribe slightly lower initialization and
measurement fidelity for the active feedback mode compared to the heralded
mode to an additional leakage probability through S-T+ anticrossing while
preparing (projecting) a state on the x(z)-axis of the Bloch sphere.
Nevertheless, these results consolidate the high gate fidelity and low SPAM
error illustrating that our Hamiltonian estimation enables the real-time
application of general qubit operations in GaAs with the fidelities reaching

the level of singlet-triplet qubits in Si devices [45].
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Fig. 4. (a) Rabi oscillation of P; as a function of controlled detuning 6f and pulse
duration. Inset: Oscillation quality factor Oravi as a function of RF amplitude Arr
(measured at the output of the signal generator). The red star-shaped symbol marks
the condition for the maximum QOrai. (b) Representative Rabi oscillation at the
resonant driving frequency that is actively adjusted with visibility higher than 97 %.
The oscillation is fit to the sinusoidal function with the Gaussian envelope, from
which Rabi decay time Trani = 1.71 us is obtained. (c) Pi as a function of the
number of random Clifford gates obtained from a single qubit standard and
interleaved randomized benchmarking. Traces are offset by 0.3 for clarity. Each
single-qubit gate fidelity annotates the corresponding benchmarking sequence. (d)
Density matrices (top row) and Pauli transfer matrices (bottom row) evaluated by

gate set tomography. Each matrix is annotated by the corresponding fidelities.
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5.3.4.S1. Randomized Benchmarking and Gate Set Tomography
Randomized benchmarking (RB and IRB): A single-qubit Clifford gate
set is constructed using primitive gates I, X, Y, £X/2, and +£Y/2, which are
implemented by calibrated RF bursts. For concatenating RF bursts, we use
an idle time of 16 ns. The elements of the Clifford gate set are randomly
selected during the benchmarking. Each point in Fig. 4(c) is obtained by
averaging 1000 single-shot measurements per sequence. The measurement

data obtained from the standard randomized benchmarking (RB) is fitted to

m
avg

the exponentially decaying curve F(m)= Ap.. +B where m denotes the

number of Clifford gates. The average gate fidelity Favg is then determined

by the depolarizing parameter payg as (1 + Dae ) /2 [44].

The gate fidelity of each primitive gate, on the other hand, is obtained
with respect to the reference random Clifford gate sets using interleaved
randomized benchmarking (IRB) protocol [12]. The measurement data from

the interleaved randomized benchmarking is fitted to the same exponentially

m
gate

decaying curve FB(m)=Ap. . +B to obtain the depolarizing parameter

Deate. The gate fidelity is then obtained as (1+ Peate ! Pave )/ 2 , where the

effect of the reference RB is reflected as 1/pavg [44].

Gate set tomography (GST): We use a single qubit gate set of {I, X/2,
Y/2}, where the notation for each element is the same as those in the RB.
Specifically, the length of all gates is fixed to a specific length, including the
idle gate I. Compositing the elements in the gate set, we conducted the GST
experiment with germs {I, X/2, Y/2, X/2°Y/2, X/2°X/2°Y/2} and fiducials
{null, X/2, Y/2, X/2°X/2, X/2°X/2°X/2, Y/2°Y/2°Y/2} and the results are

analyzed using the open-source python package, pyGSTi [46].

5.4. Conclusion
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In conclusion, wusing energy-selective tunneling readout-based
Hamiltonian parameter estimation of an STo qubit in GaAs, we
demonstrated passive and active suppression of nuclear noise, leading to 7>*
above 800 ns and near-ideal quantum oscillation visibility consistent with
low SPAM errors below 0.3%. The flexibility of the EST readout-based
Bayesian circuit facilitates various quantum operations in both heralded and
active feedback mode, enabling the execution of widely used validation
protocols such as randomized benchmarking and gate set tomography. With
the large SNR of the charge sensor and real-time capability, the EST
readout-based Hamiltonian estimation is potentially useful for advanced
quantum control protocols with affordable overhead in classical signal
processing, such as error mitigation schemes and entanglement
demonstration experiments, where fast qubit parameter calibration with

large readout visibility is essential [27].
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Appendix A

A. Fabrication of quantum dot devices

The overall process: Mesa — Ohmic contact — e-beam align marker

only— e-beam gate — optical pad — e-beam (magnet)

A. Mesa etch

Objective : Etch mesa patterns to remove the Si quantum well, preventing
the formation of the quantum dots that you do not want. The etching is

performed using liquid chemical (wet etching).

1. Clean the sample surface. Repeat the process below 3 times.

TCE (80C 5min) — Acetone (80°C 5min) — Methanol (80T
Smin)
After last process, rinse under IPA for ~ 10 sec and blow dry with

No.

2. Spin coating of PR.

Spin S1805 at 5000 RPM for 40 sec.
Bake at 80 C for 300 sec.

3. Expose UV onto the sample surface for 15 sec using mask aligner

with hard contact mode.

Optimal exposure time depends on the intensity and energy of the UV

source (Dose = Intensity/Area X Exposure time). If you use diffrent UV
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sources or different materials other than GaAs, you should find the optimal

exposure time in order to make the desired pattern.

4. Development

Soak the sample in MF320 for 40 sec
Rinse under DI water to stop the development

Blow dry with N>

5. Hard baking to make PR more rigid

Bake at 120°C for 60 sec while pumping from the bottom of the

sample
I recommend the sample to be completely in contact with the surface of the

hot plate using vacuum pump, which results in the stable etching condition.

6. Wet etching

Soak the sample in HPO3: H2O>: DI=1: 1 : 50 volume ratio with
slightly agitation for 80 sec (average etching rate = 1.25 nm/sec for
GaAs/AlGaAs heterostructure)
Usually, the sample is etched to the depth of 2DEG, but partial etching of
AlGaAs layer can lead to the depletion of 2DEG
Soak the sample in DI water and rinse under DI water to stop the

etching

7. PR removal

Repeat the process below 3 times
Acetone (80°C 5min) — Methanol (80C 5min)
— IPA (80C 5min)

Rinse under IPA
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B. Ohmic contact

Objective : Using metal diffusion method, Ohmic contact between 2DEG
and diffused metal is formed, enabling 2DEG to be connected to the

reservoir.

1. Spin coating of PR.

Spin SF11 at 5000 RPM for 40 sec.

Bake at 180°C for 900 sec while pumping from the bottom of the

sample
SF11 is used as lift of resist to improve the lift-off. Sufficient baking time
for SF11 is very important, otherwise, SF11 could move away during the
development.

Spin S1805 at 5000 RPM for 40 sec

Bake at 80 C for 300 sec

2. Expose UV onto the sample surface for 15 sec using mask aligner

with hard contact mode.

3. Development

Soak the sample in MF320 for 120 sec
Rinse under DI water to stop the development

Blow dry with N»

4. Strip the resist
02 plasma cleaning for 30 sec at 50 W RF power

5. Wet etching to remove the oxide layer

Soak the sample in HC1:H,O=1:1 for 10 sec
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T(°C)

Rinse under DI water to stop the etching

6. Metal deposition

Evaporate 3 nm Ni at 1 A/s, 150 nm Au at 2 A/s, 75 nm Ge at 1.5
A/s, 56.5nm Niat 1 A/sand 30 nm Au at 2 A/s

7. Lift-off

Soak the sample in PG remover with slightly agitation for 30 min at

60T

Rinse under DI water

8. Rapid thermal annealing in Ar atmosphere

Control the temperature as a function of time shown below in order

to diffuse the Ni, Ge and Ge deposited into AlGaAs layer.

500 l T i =
F \
400} 105 ggo C \, .
250°C | > N
300 30s | % -
's \“
120°C /
200 . \
30s 10s \,
/ \
100~/ =
10s
0 = —
1 1 1
0 50 100 150 200

t1(8)

9. Clean the sample surface. Repeat the process below 3 times.

TCE (80C 5min) — Acetone (80°C 5min) — Methanol (80C

Smin)

After last process, rinse under IPA for ~ 10 sec and blow dry with

No.

C. Align markers
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Objective : Align markers are used for fine alignment when making

nonogates. Cross-shaped align marker with uniform width should be

prepared for high accurate alignment.

1.

Spin coating of PR.

Spin SF11 at 5000 RPM for 40 sec.

Bake at 180°C for 900 sec while pumping from the bottom of the
sample

Spin S1805 at 5000 RPM for 40 sec

Bake at 80 'C for 300 sec

Expose UV onto the sample surface for 15 sec using mask aligner

with hard contact mode.

Development

Soak the sample in MF320 for 120 sec
Rinse under DI water to stop the development

Blow dry with N»

Metal deposition
Evaporate 25 nm Ti at 1 A/s and 175 nm Au at 2 A/s

Lift-off

Soak the sample in PG remover with slightly agitation for 30 min at
60T

Sonicate the sample in PG remover for 30 sec

(I recommend to use teflon beaker to avoid breaking the sample)

Rinse under DI water

D. nanogates
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Objective : Electrical voltage is applied to the nanogates to induce in-plane

confinement potential in 2DEG, resulting in the formation of the quantum

dots.

1.

Spin coating of ER

Spin PMMA950A3 at 3000 RPM for 60 sec
Bake at 180C for 300 sec

Expose e-beam

Development

Soak the sample in MIBK:IPA 1:3 solution for 60 sec
Rinse under IPA for 30 sec

Blow dry with N

Strip the resist
02 plasma cleaning for 5 sec at 50 W RF power

Wet etching to remove the oxide layer
Soak the sample in HCl:H,0=1:1 for 3 sec

Rinse under DI water to stop the etching

Metal deposition
Evaporate 5 nm Ti at 1 A/s and 30 nm Au at 1 A/s

Lift-off
Soak the sample in Acetone with slightly agitation for 60 min at
60T

Rinse under DI water
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E. Bond pads

Objective : Evaporate pads for wire bonding acting as a bridge between the
device and the measurement PCB.

1. Spin coating of PR.

Spin SF11 at 5000 RPM for 40 sec.
Bake at 180°C for 900 sec while pumping from the bottom of the

sample
Spin S1805 at 5000 RPM for 40 sec
Bake at 80 C for 300 sec

2. Expose UV onto the sample surface for 15 sec using mask aligner

with hard contact mode.

3. Development

Soak the sample in MF320 for 120 sec
Rinse under DI water to stop the development

Blow dry with N»

4. Strip the resist
02 plasma cleaning for 30 sec at 50 W RF power

5. Wet etching to remove the oxide layer
Soak the sample in HCl:H,O=1:1 for 10 sec

Rinse under DI water to stop the etching

6. Metal deposition
Evaporate 20 nm Ni at 1 A/s and 200 nm Au at 2 A/s

7. Lift-off
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Soak the sample in PG remover with slightly agitation for 60 min at
60T

Rinse under DI water

F. Micromagnet

Objective : Micromagnet is placed near the quantum dots to create the
magnetic field gradient in the area where the quantum dots are positioned.

1. Spin coating of ER

Spin PMMAA495 A4 at 3500 RPM for 60 sec
Bake at 180C for 600 sec

Repeat the process above 3 times to make 540 nm of total ER thickness
Spin PMMA950 A6 at 3500 RPM for 60 sec
Bake at 180°C for 600 sec

Total ER thickness will be about 900 nm enough for evaporating the

micromagnet with 200 nm thickness

2. Expose e-beam

3. Development

Soak the sample in MIBK:IPA 1:3 solution for 60 sec
Rinse under IPA for 30 sec

Blow dry with N»

4. Reactive ion etching

For adhesion enhancement, etch the surface of AlGaAs to form
rough surface under the condition such that Ar 80 sccm, Clx 20

sccm and working pressure 75 mTorr at 150 W RF power for 40 sec
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5. Metal deposition

Evaporate 10 nm Ni at 1 A/s, 200 nm Co at 2 A/s and 5 nm Au at 1
Als

6. Lift-off

Soak the sample in Acetone for 60 min

Rinse under DI water
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Appendix B

B. Basic concept of RF-reflectometry & Setup

RF-reflectometry is one of the key method enabling the fast and sensitive
measurement. So, it can be exploited widely in order to measure the spin
degree of freedom for few electrons because the spin information should be
measured before the decoherence is occurred by the interaction between the
environment and qubits. The RF-reflectometry setup is consist of outer RF
signal transmission lines (Fig. 1) and RLC tank circuit including the
resistance of the sensor quantum dots (Fig. 2(a)). As electromagnetic
waveswith RF are reflected at the interface between a medium having
different impedance Z, the difference between the impedance for outer RF

signal lines, usualy having Zp = 50 Q, and the impedance for the tank circuit

z-z,

leads to the change of the reflectance I" defined as T = P

The impedance for RLC tank circuit in figure xx can be calculated as

Z(w) =iwlL -I-ﬁ where L is the inductance of inductor positioned in
- Hiwp

PCB surface, Cp, is the parasitic capacitance which can result from stray
capacitance of bond wires or from the capacitance between the Ohmic
contacts and the 2DEG, and R is the resistance of the sensor quantum dot
which is higher than the inverse of conductance quantum.

At the resonance condition where the imaginary part of Z(w) become zero,

the resonance frequency 1R is determined as
1 1 1 1 1

fa =— [——(==)*~ = |— in first order approximation. Because
:‘Tﬂq Lip RCp 2w +f LCp

how much the tank circuit reflects depends on the frequency of the RF and
the change in the reflectance is large near the resonance frequency, RF with

resonance frequency is used as a carrier for RF-reflectometry whose
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frequency is usually around 150 MHz.

Therefore, the impedance for the tank circuit at the resonance condition is

determined as Z(f;) ~ ﬁ depending on the conductance of the sensor
P

quantum dot. This imepedance Z(fz) should be matched to the impedance
of outer RF signal lines Zy in order to maximize the sensitivity by adjusting
R. So, small changes in R lead to large changes in the reflectance, which is

described in the Fig. 2(b) showing the resonant behavior as a function of a

carrier frequency.

4 K

High pass filter

Amplifier

Directional
Coupler

—

-15dB
. 7mK

Bias Tee

L~ 1200 nH -XdB [| Atteunator

“ )
— 0" | rf-combiner
T 5w o (= f-divider)

Fig 1. Overview of RF-reflectometry setup showing outer RF signal transmission

lines. Real pictures are shown according to the plates with a different temperature.
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Fig. 2. (a) RF-reflectometry setup showing RLC tank circuit part. Rs is a resistance

of a sensor quantum dot, L is the inductance of inductor positioned in PCB surface,
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C, is the parasitic capacitance. (b) RF reflectance as a function of a carrier

frequency, showing a resonant behavior.
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