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The manipulation and readout of spin qubits in quantum dots
have been successfully achieved using Pauli blockade, which
forbids transitions between spin-triplet and spin-singlet
states'. Compared with spin qubits realized in IlI-V materials®5,
group IV materials such as silicon and carbon are attractive
for this application because of their low decoherence rates
(nuclei with zero spins)®’. However, valley degeneracies in
the electronic band structure of these materials combined
with Coulomb interactions reduce the energy difference
between the blocked and unblocked states®-'0, significantly
weakening the selection rules for Pauli blockade. Recent dem-
onstrations of spin qubits in silicon devices have required
strain and spatial confinement to lift the valley degeneracy’.
In carbon nanotubes, Pauli blockade can be observed by
lifting valley degeneracy through disorder''4, but this makes
the confinement potential difficult to control. To achieve Pauli
blockade in low-disorder nanotubes, quantum dots have to be
made ultrasmall®®, which is incompatible with conventional fab-
rication methods. Here, we exploit the bandgap of low-disorder
nanotubes to demonstrate robust Pauli blockade based on both
valley and spin selection rules. We use a novel stamping tech-
nique to create a bent nanotube, in which single-electron spin
resonance is detected using the blockade. Our results indicate
the feasibility of valley-spin qubits in carbon nanotubes.

Two quantum dots containing two electrons in total can be
tuned to the transition between two charge states—(1,1) with one
electron in each dot and (2,0) with both electrons in the first dot.
The transition involves tunnelling of the electron from the second
to the first dot. Even when this transition is allowed energetically,
it can be blocked by selection rules'. In III-V quantum dots (for
example, GaAs or InAs), a blockade can be set up between a
(1,1)-triplet state and a (2,0)-singlet state. Important for a robust
blockade is the condition that the (2,0)-triplet state be high in
energy, because this excited state is not blocked by selection rules.
The crucial energy difference, Egy, between the (2,0)-triplet and
(2,0)-singlet states can be several meVs in III-V materials!®. In
carbon nanotubes the two-electron states are grouped into singlet-
like and triplet-like states. The energy difference, Egy, between the
singlet-like and triplet-like states can be one or two orders of mag-
nitude smaller than in III-V materials. There are two main reasons
for this: additional levels from valley degeneracy and stronger
Coulomb interactions in the carbon nanotubes®°. These compli-
cations have prevented a consistent observation of Pauli blockade
and, as a result, spin manipulation has not been realized. We
avoid these complications by using the large level spacing from
the bandgap of the nanotube and demonstrate a robust valley-
spin blockade. Here, we discuss our novel fabrication method for
obtaining ultraclean quantum dots controlled by a set of gate
electrodes with a high-frequency bandwidth.

Two approaches are usually used to fabricate nanotube quantum
dot devices: deposition of contacts and gates after a nanotube is

grown and located on a substrate!?!%, or growing a suspended nano-

tube over predefined contacts and gates!®!”!8, The second approach
eliminates contamination of the nanotube by chemical processing,
creating an ultraclean nanotube device. However, the high growth
temperature limits the choice of materials and device design, limit-
ing the devices to having large gate spacings and thus a quantum dot
confinement insufficient to overcome Coulomb interaction effects.

To create ultraclean double quantum dots with optimal confine-
ment, we have developed a novel stamping technique (Fig. la and
Methods), following the pioneering work by Wu et al.’®. A single
nanotube is transferred from the growth chip to the device chip
under ambient conditions. The thickness of the device contacts is
optimized so that, in most devices, the centre of the nanotube
touches the trench bottom, resulting in a bend (Fig. 1b), which is
proposed to be necessary for electrically driven spin resonance®.
Five gate electrodes are embedded underneath the nanotube. A
double dot potential is created by the combination of Schottky bar-
riers at the contacts and voltages applied to the gates. By tuning
these gate voltages, we can populate each dot with a well-defined
number of electrons or holes.

The device exhibits ambipolar double quantum dot behaviour, as
seen from the charge stability diagram of Fig. 1c, where current
through the double dot is measured as a function of the outermost
gate voltages. Depending on the gate voltages, we can configure the
device in a p-n, n-n, n-p or p-p region and determine the exact
charge occupation number of each dot. For each region, we can
find Coulomb blockade features exhibiting a characteristic fourfold
periodicity of addition energy in both quantum dots, indicating
shell-filling of electrons and holes. The first shells of electrons and
holes are separated by a 30 meV bandgap.

The key signature of Pauli blockade is current suppression for
one direction of the source-drain bias"!®. In our device, blockade
becomes most evident with the double dot tuned into the p-n
region. This is shown in Fig. 2a,b, where we observe multiple
triple point bias triangles with a suppressed current at the baseline
depending on bias direction. As expected, blockade is observed for
transitions where, in the initial configuration, both dots contain an
odd number of electrons.

A robust Pauli blockade requires a large E{;, as conventionally
provided by a strong dot confinement. Here, we exploit the high
tunability of our double dot to obtain a particularly large Eg; that
includes the bandgap of the nanotube (Fig. 2c). We focus on the
(3h,1e) — (2h,0) transition, where both shells initially contain one
electron. Taking account of both valley (K or K') and spin (1 or
1) quantum numbers, each shell contains four states, denoted K|,
K't, Kt and K'|. Spin-orbit coupling splits each shell into two
doublets with energy difference Ay, at zero magnetic field'®. For
negative bias (Fig. 2d,f), current flows as either of the two electrons
in the left dot can tunnel to the empty shell on the right. At positive
bias (Fig. 2e), assuming that valley and spin are conserved during
tunnelling, current is blocked when the initial and final states
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Figure 1| A carbon nanotube double quantum dot fabricated by stamping. a, Device schematic and stamping technique. A suspended carbon nanotube is
grown between pillars on a transparent quartz substrate. This growth chip is optically aligned over the device chip and brought into contact so that the
nanotube bridges source and drain contacts (yellow). Five local gates (red) embedded in an insulating layer control the electron/hole number and the tunnel
rates of the double quantum dot. b, Scanning electron micrograph (taken at 75° inclination) of a device similar to the measured device, showing a single
nanotube with a bend. ¢, Current as a function of the left and right gate voltages V| and V; at a source-drain bias of V5 =1mV. Regularly spaced Coulomb
peaks show clear double quantum dot transport behaviour over a large gate space. Individual electrons (holes) are added in n- or p-type quantum dots
depending on the gate settings. Schematic energy diagrams illustrate four types of double quantum dot configuration. A characteristic fourfold periodicity of
addition energy is visible, revealing the filling of four-electron shells. Green circles in the n-p region indicate double quantum dots with filled shells in both dots.
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Figure 2 | Valley-spin blockade in a p-n double quantum dot. ab, Current at triple point bias triangles in a few-charge p-n double quantum dot at negative
(a) and positive (b) bias. The triangles marked by dashed circles (squares) show a suppressed current at the baseline in a (b) compared with the same
triangles in b (@). Numbers in brackets denote the occupation of the left and right dot, with h and e indicating holes and electrons, respectively. ¢, Energy
levels of the first shells of electrons and holes. Spin-orbit coupling splits a shell of four electrons (blue) or holes (white) into two levels with energy
difference Agq. A particularly large shell spacing AE,, ., separates the first hole shell from the first electron shell across the bandgap. Dashed levels indicate
the nearest higher shell if there were no bandgap. d,e, Schematics of the energy levels for the transitions between (2h,0) and (3h,1e). For the non-blockaded
bias direction (d), either of the two electrons in the left dot can tunnel to the empty shell in the right dot. For the blockaded bias direction (e), electron with
state K| in the right dot cannot tunnel to the left dot due to valley-spin conservation. f, Measured current for the non-blockaded bias direction illustrated in
d. g, Current measured for the opposite bias direction. (Dashed lines mark the position of the triangles.) Suppressed current (compared with f) across the
entire triangles is the signature of valley-spin blockade. f and g correspond to the square regions in a and b with the same colours.
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Figure 3 | Magnetospectroscopy of double quantum dot with valley-spin blockade. a, Leakage current through valley-spin blockade as a function of
detuning (defined by the black arrow in Fig. 2g) and magnetic field B, along the z-axis. Note that the colour scale is strongly enhanced compared to Fig. 2g.
b, Calculated transitions (also marked by dashed lines in @), assuming Agq = 1.6 meV and g, = 0.9 meV T~ The two-electron state is denoted as
S(TVis1va5, = (visiv55,) — ()[va8,v45))n (n, normalization factor). €, As a, but with magnetic field B, along the y-axis. The slope of the transitions (dashed
lines) differs from a, arising from the g-factor anisotropy. d, As a, but for the opposite bias direction. Detuning is defined by the white arrow in Fig. 2f.

e, Calculated transitions, marked by dashed lines in d. Inset: schematic of valley-spin blockade at the position marked by the purple circle. f, Measurement at
constant magnetic field |B| =2 T while varying the angle 6 between the z-axis and B in the z-y plane. Dashed curves are the calculated transitions with

colours match to dashed lines in a and c.

differ in either valley or spin quantum numbers. The blockade is
lifted when the interdot energy detuning is large enough that the
initial state has access to additional final states involving a higher
shell. However, as the nearest higher shell in the left dot is across
the bandgap, this situation does not arise with a 10 mV bias
(Fig. 2g). In the case of only spin blockade, the blockade is lifted
as soon as the initial state has access to an empty final state with
the same spin. Spin blockade would happen if the disorder-
induced valley-mixing term Ay, differed between the left and
right dots?'. To lift valley-spin blockade, the empty final state
must have both the same valley and spin, leading to an additional
valley selection rule for interdot tunnelling. This additional selection
rule leads to suppression of the current across the entire triangles in
Fig. 2g. This current suppression, which, in contrast to spin block-
ade, continues even when transport occurs via excited states of the
left dot, is the unambiguous signature of valley-spin blockade.

In Fig. 3, we investigate valley and spin relaxation by measuring
the leakage current for different orientations of the magnetic field.

632

We consider the valley-spin blockaded triangles shown in Fig. 2g
with the detuning axis marked by the black arrow. Figure 3a
shows the leakage current as a function of detuning and magnetic
field B, along the z-axis defined in Fig. la. The leakage current is
due to valley-spin relaxation and can arise from spin-orbit inter-
action®!22022_intervalley scattering??> and hyperfine interaction
with the ~1% "C lattice nuclei'2.

Three transitions, mediated by valley-spin relaxation, are
identified using a two-electron double dot model (Fig. 3a,b). For
simplicity, we model the charge states (3h,1e) as (1,1) and (2h,0)
as (2,0), and ignore the higher shells in the left dot that remain
empty in our experiments. Valley (v) and spin (s) together
lead to 16 two-electron states, grouped into six valley-spin
antisymmetric (singlet-like (S)) states with both electrons in
one shell, and ten symmetric (triplet-like (7)) states for which
two shells are required®*-?°. These 16 linearly independent
states are listed explicitly in Supplementary Section S1. We
write these states with the following shortened notation
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Figure 4 | Effect of the bend. a, Current at constant magnetic field |B| =1 T applied in the x-y plane as a function of detuning and field angle ¢. (Detuning
axis as in Fig. 2g.) b, Cut along ¢ at the detuning marked by the arrow in a. ¢, In the non-blockaded bias direction the current is isotropic. d, Schematics for
¢=0"and ¢=90". When B4 varies across the bend, precession of effective spin states about different axes leads to partial lifting of valley-spin blockade.
e, Current as a function of microwave frequency and B,. V-shaped lines with g =2 are electric dipole spin resonances (EDSR). (To make the resonance
clearer, the mean current at each frequency is subtracted.) The resonance lines with slope g/n arise from n-photon transitions?”?°. EDSR is measured at a
blockade transition in the many-electron regime of a second device with similar geometry.

S(TYvys,v,8, = (|v18,v,5,) — (F)|v,8,v;5,))n (n, normalization factor).
We use the lowest energy TK| K| (1,1) state as a spectroscopic
probe to measure the (2,0) spectrum?’. The measured transitions
(dashed lines in Fig. 3a) are in good agreement with the
calculated spectrum. The calculation incorporates two parameters:
Ago= 1.6 meV, measured by the difference in transition detunings
at zero field (the large Agy has been observed in multiple devices
and is the subject of ongoin§ investigation), and orbital magnetic
moment ., =09 meVT ', measured by the slope of the
transitions with the field. (Note that the slope of the transitions
changes at 22T, presumably because the (1,1) ground state
changes at that field.) Six valley-spin relaxation transitions are
possible, but only three are observed. The relaxation rates that deter-
mine which transitions are visible in the data are not fully understood.
(For further discussions, see Supplementary Section S2.)

The orbital magnetic moment pointing along the nanotube axis
leads to a large g-factor anisotropy. When varying B, (Fig. 3a), we
couple to both the orbital magnetic moment and to the Zeeman
energy, and the two transitions therefore have much larger slopes
than when varying B, (Fig. 3c), where we only couple to the spin.
Figure 3f shows the current as a function of field angle for fixed
|B|=2T. The measured transitions show excellent agreement
with a model incorporating the g-factor anisotropy.
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An interesting consequence of the level structure in nanotubes is
that valley-spin blockade appears also for the initially unblockaded
bias direction at finite B,. When the magnetic field induces a ground
state crossing from SK| K'1 (1,1) to TK| K| (1,1) the current
becomes blocked?®. This is evident in Fig. 3d inside the region indi-
cated by the purple circle, and the corresponding levels are illus-
trated in Fig. 3e. A kink observed at 1 T for the lowest transitions
(black) arises because at this field SK| K1 takes over from SK |
K'1 as the ground state in (2,0) (Supplementary Section S1).

In Fig. 4, we explore the consequences for magnetotransport of
the bend expected in this device. Figure 4a shows the leakage
current anisotropy when a magnetic field is rotated in the x-y
plane. Current near zero detuning is more suppressed when the
field is pointed along the y-axis. This can be explained by consider-
ing that at low detuning transport only proceeds via single-particle
states K| and K't. This doublet forms an effective spin-1/2 system
governed by a Zeeman field®® B, = g-B/2, which, due to the bend,
can be different in the two dots. The effective spins in the two dots
precess about these different B g axes so that an initially parallel
effective spin state acquires an antiparallel component. This
causes lifting of the valley-spin blockade, resulting in a higher
leakage current. However, in the z-y plane the projection of the
nanotube is straight. Thus, when B, is applied, B ¢ is the same in
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both dots and valley-spin blockade remains. As expected, the
current is isotropic for the unblockaded bias direction (Fig. 4c).

The observation of valley-spin blockade in a bent nanotube
allows the detection and driving of electric dipole spin resonance
(EDSR). We use a microwave-frequency signal added to V| to oscil-
late electrons in the double dot. Figure 4e shows the current as a
function of B, and microwave frequency at a blockaded transition
in the many-electron regime of a second device. When the fre-
quency of the microwave matches the splitting of two valley-spin
states, the blockade is partly lifted. EDSR is observed as V-shaped
lines with slopes yielding g=2. The relatively small g-factor
in this second device is presumably due to a large electron
occupation or disorder?®. EDSR is also detected in the first device
in a different cooldown, with the rather complex spectrum shown
in Supplementary Section S7.

In summary, we have developed a new fabrication method to
make a double quantum dot in a bent carbon nanotube using a
stamping technique. The devices exhibit an exceptional confine-
ment and tunability, which enable us to observe valley—spin block-
ade and to demonstrate electric dipole spin resonance. Our findings
open a path towards qubit manipulation in carbon nanotubes.

Methods

Fabrication included the carbon nanotube growth chip and the device chip. On the
growth chip, pillars with a height of ~5 pum were fabricated using electron-beam
lithography and plasma-enhanced dry etching on a double-side polished quartz
wafer. Mo/ Fe catalyst was deposited on top of the pillars, and nanotubes were grown
by chemical vapour deposition. In ~10% of devices, a single tube spanned between
the pillars. On the device chip, a silicon substrate covered with 1.9 wm thermal oxide
was dry-etched to create a mesa ~1 um tall. A 5/10 nm Ti/Au gate layer was
deposited on the mesa, followed by atomic layer deposition of 60 nm Al,O; as the
gate insulator. On top of this, a 5/80 nm Ti/Au layer was deposited for the contacts.
A contact aligner (Karl Suss MJB-3) was used to transfer the nanotube from the
growth chip to the device chip with a transfer success rate close to 100%. The first
measurements (Fig. 1c) were carried out in a 4 K helium dewar. EDSR was measured
at 260 mK, and other measurements were performed in a dilution refrigerator with a
base temperature of 100 mK. For the measurement in Fig. 4f, the applied microwave
power was —41 dBm and Vg, =5 mV.
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1. Energy levels of a two-electron double quantum dot

To understand the transitions observed in Fig. 3 and the anisotropy in Fig. 4, we apply a model

incorporating valley and spin energy levels, electrostatic energy, and Coulomb interaction effects.

1.1 Single-particle spectrum in a single quantum dot
The low-energy single-particle spectrum of an infinitely long nanotube in an applied magnetic
field B results from the sum of spin energies, orbital energies and spin-orbit coupling. Neglecting

disorder, the Hamiltonian is':
1 ~ 1 A
H=3gsup s B+vs o B-2+ (5 Asovs 5-2), (1)
v; and s; are the Pauli matrices in respectively valley (K, K’) and spin (|, 1) degrees of freedom, ug is

the Bohr magneton, g5 = 2 is the electron spin g-factor, and Z is the unit vector along the nanotube

axis. With the magnetic field B, applied along a straight nanotube, the single-particle energies are:

Esingle-particie (v, S, B;) = %gs Hg S By + v piorp B, + G dso v S) , 2
v =+1 (-1) corresponds to valley state K’ (K) and s = +1 (-1) corresponds to spin state | (1).

A nanotube of finite length becomes a quantum dot with quantization of the longitudinal
momentum. Each quantized longitudinal mode is called a shell and contains four states, because valley
and spin each take two values. Fig. S1a shows the B,-dependence of the single-particle energies within
a single shell (ignoring charging energies). The energy difference between two consecutive shells is
defined as the shell level spacing AEgp ;-

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology 1
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Figure S1 | Single-particle and two-electron energies in a single quantum dot. a, Single-particle
energy spectrum of a single shell versus B, parallel to the nanotube. At B, = 0, spin-orbit coupling
creates two doublets with energy difference Aso. b,c, Single dot two-electron energy levels as a
function of B,. Valley-spin antisymmetric (singlet-like) states are plotted in b. (The energy scale is
offset from that in a by the charging energy Ec.) Valley-spin symmetric (triplet-like) states are plotted in

c. (The levels are offset by the sum of Ec and E’st.) The levels are calculated using the experimental

values Agg = 1.6 meV and pyrp = 0.9 meV/T.

1.2 Two-electron spectrum in a single quantum dot

The two-electron wave function is the product of a valley-spin part and an orbital part:

¥Ytwo-electron = valley—spin(vl' 51,V2,52) @ Worbital» (3)
where vy, s;, v,, and s, are the valley and spin quantum numbers of the two electrons. The Pauli
exclusion principle requires that the total wave function is antisymmetric with respect to electron
exchange. Therefore an antisymmetric (symmetric) valley-spin part implies a symmetric
(antisymmetric) orbital part.

In the absence of valley freedom, Wgp,in (51, S2) replaces Wy aiiey—spin (V1, S1, V2, S2) in equation (3).
An antisymmetric spin state, i.e. a singlet state, can be constructed with both electrons occupying the
same orbital state. In contrast, for the triplet states with a symmetric spin part the two electrons need to
occupy different orbital states in order to satisfy Pauli’s exclusion principle. This increases the energy
of the triplet states (degenerate at B = 0) above the energy of the singlet state by an amount denoted as
Esr (being equal to the orbital spacing minus the difference in Coulomb repulsion between two
electrons in a singlet versus a triplet state).

In our case incorporating valley freedom, we refer to the two-electron states with antisymmetric
(symmetric) valley-spin parts as singlet-like (triplet-like) states and denote them by S (7). We can now
construct six singlet-like states, occupying valleys within the same shell. In order to construct the
triplet-like states we need to include at least two shells, resulting in total ten triplet-like states®*. These

are summarized in Table S1.
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Table S1 | Two-electron states comparison between spin-only systems and carbon nanotubes.

Spin-only systems

¥spin Yorbital Referred to as Number of states
Antisymmetric Symmetric Singlet 1
Symmetric Antisymmetric Triplet 3

Carbon nanotubes

Pyalley—spin Yorbital Referred to as Number of states
Antisymmetric Symmetric Singlet-like 6
Symmetric Antisymmetric Triplet-like 10

The energies of the two-electron states can be calculated using the constant interaction model’.
The energies of the singlet-like states are taken as the sum of the single-particle energies (equation. (2))

of the two electrons E (v4, s1) and E (v,, 53), plus a charging energy Ec:
Esinglet—like = Ey,51) + E(vy,52) + E¢ . €Y

Singlet-like states consist of two electrons from the same shell, while electrons from two shells
are required to form a triplet-like state. This increases the energy of the triplet-like states by E’sr:

Eriplet-tike = E(v1,81) + E(vy,57) + Ec + E'sr . 5

The allowed combination of the valley-spin quantum numbers for the singlet-like and triplet-like states
are listed in Table S2. The other combinations of the valley-spin quantum numbers lead to states that
either differ only by a phase factor, or are unphysical states equal to zero.

A sufficiently large E'gy is crucial for obtaining Pauli blockade in carbon nanotubes. The
complication is that E'gy is not just equal to the shell spacing AEg e, but is instead reduced by the
energy term C resulting from Coulomb interaction effects’:

E'st = AEshen — C . (6)

In a suspended nanotube, Coulomb interaction effects become particularly important compared to
those in quantum dots made in III-V materials, because there is no surrounding dielectric to screen
them. To overcome this problem, we configure the device in such a way that the nearest higher shell in
the left dot is across the bandgap. This significantly increases E'gy since AEgy e includes the bandgap.

Therefore the triplet-like states are much higher in energy than the singlet-like states. In Fig. S1b (c)

we plot the magnetic field dependence of the singlet-like (triplet-like) states.
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Table S2 | Energies of the singlet-like and triplet-like states at zero magnetic field.

Sing|et-|ike States, 51715117252 = (|v151v252) — |U252U151))/\/§

E =~ +Ec E=Ec E = Aso + Ec
SKIK? SKK1 SK1K',
SK1K*t
SKIK',
SK1K'|

Triplet-like states, Tv;s,v,s, = (|v;51v,5,) + |v,5,v151))n, where n is the normalization factor

E=—Ago+Ec+E'sy E=E:+E'gr E =Ag0 +Ec+ E'gr
TKIK| TK| K1 TK1 K1
TKLK? TKTK? TKTK?,
TKTK? TKIK’| TK’|K’|
TKTK’|

1.3 Two-electron spectrum in a double quantum dot

Two charge configurations are relevant for the transitions in the main text: (1,1) and (2,0). For a
weakly coupled double dot, the singlet-like and triplet-like energies can be calculated as the sum of the

single dot energies and the electrostatic term Egg:

Esinglet—like = E(Ul, 51) + E(UZv 52) +Ec+Ees, (N
Etriplet—like = E(Ulrsl) + E(UZ' 52) + EC + E,ST + Ees 4 (8)
where
Elor = {811, for (1,1) charge states ©)
€20, for (2,0) charge states.

The electrostatic energy is set by the gate voltages and raises the energy of the (1,1) configuration
by an amount called detuning, 4:

Eo= {0, for (2,0) charge states
es 4, for (1,1) charge states.

For the (1,1) = (2,0) transition, we study the charge cycle (1,0) = (1,1) 2> (2,0) =2 (1,0), and
assume that the (1,1) state is in the ground state, 7TK|K|. By varying the detuning, TK|K|(1,1) is

(10)

shifted along the S(2,0) spectrum. Every time it aligns with a particular S(2,0) state, electrons can
tunnel to the left dot and contribute to the current. Fig. S2 illustrates this spectroscopy of TK|K|(1,1)
- S(2,0) and shows the three transitions that we have observed in the measurements.

For opposite bias, we study the reverse charge cycle including the (2,0) = (1,1) transition. We
use the (2,0) ground states to probe the spectrum of the sixteen (1,1) states (Fig. S3a). For B, < 1 T, the
initial ground state is SK|K’1(2,0). The calculated transition detunings from this state as a function of
B, are shown in Fig. S3b. At higher field, the system undergoes a ground state crossing, with

SK|K1(2,0) becoming the ground state for B, > 1 T. The transition detunings are shown in Fig. S3c.

4
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To identify states participating in transport, we compare the data in Fig. 3d to the calculated transitions
in Fig. S3b and c. The identified transitions are shown in Fig. S3d. (Transitions at higher detuning
could not be clearly identified because of their broader linewidths.) Comparison with the data yields

&11 = 180 peV.

a Energy levels of b Detuning of transitions
TK|K|(1,1) and (2,0) singlet-like states TK|K|(1,1)=(2,0) singlet-like states
i 27T SKTK'L(2,0) i ' e
24 el
v SKTK’1(2,0)
A LA
s fohetiraslzzzacMisakieo g
g, \\ g SKIKT0) £
S SKIKTR20) £
] -2 S
UCJ g ASO
>
o SK|K1(2,0)
2 4,
" 9 TKIKI(1,1) 0
4) .
0 1 2 0 1 2
B, B, (M)

Figure S2 | Energy levels for the (1,1) 2 (2,0) transition. a, Energy levels relevant for the (1,1) >
(2,0) transitions. The lowest energy state in the (1,1) configuration is TK| K| for a finite B,. This is used
to probe the (2,0) spectrum. (The levels are offset by the charging energy Ec.) The zero of detuning is
defined by the alignment of TK| K| (1,1) with SK|K"(2,0) at zero field. The slope of the lines is marked
for selected states. A positive detuning shifts up the energy of TK|K|(1,1). A transition is possible
when the energies of the (1,1) and (2,0) states align. b, Detunings required for the possible transitions
as a function of B,. Colored transition lines are the observed ones in the measurements (also marked
by the arrows in the same color in a). Dashed transitions are not observed. The conversion from gate

voltage to energy is obtained from the size of the bias triangle.
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Figure S3 | Energy levels for the (2,0) > (1,1) transition. a, Two-electron energy levels of the (1,1)

charge states as a function of B,. (The levels are offset by the charging energy Ec.) Of the sixteen

states, four (in color) are important for our measurements. The energy difference between TK| K| and

SK| K™ at zero field is defined as €;4. b, Detunings as a function of B, for the possible transitions from

the initial state SK| K"(2,0) to the sixteen (1,1) states. The zero of detuning is defined by the alignment
of SK|K"(2,0) with SK|K"(1,1). ¢, Same as b, but with the initial state SK|K?(2,0). d, Detuning as a
function of B, for the identified transitions in Fig. 3d. SK|K? takes over from SK| K" as the (2,0)
ground state at field ~ 1 T, resulting in a kink for the lowest transitions (black).
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1.4 Including disorder

To obtain an optimal comparison with the transitions in Fig. 3c and f, we incorporate the valley-
mixing term Agg- into equation (1)'. Defining 6 as the angle between the magnetic field and the

nanotube axis and using K’|, K1, K’1, K| as the basis, the Hamiltonian becomes®:

cos @ 0 sin @ 0 1 0 0 o

1 0 —cos6 0 sin@ 0 -1 0 0
H= 29s HpB sin @ 0 —cos® 0 + HorpB cos 6 0 0 1 0
0 sin @ 0 cos @ O 0 0 -

11
Ago 0 0 Axg (in

1 0 Aso  Axix 0
2 0 Ak —4so 0
Axk 0 0 —Ago

_|_

The single-particle energies are obtained by numerically diagonalizing the Hamiltonian of
equation (11). The calculated curves in Fig. 3c and f are then obtained following the same procedure

as described in the previous section. Agg- is extracted from the data described in Section 6.

% |K" 1>
£
>
)
g 21 K" 1>
0 $AKK'
K 1>
22
K>
3 2 1 0 1 2 3
B (T) B (T)

Figure S4 | Single-particle energies including disorder. The levels are calculated using equation
(11) with the experimental values 4gqg = 1.6 meV, Agk- = 0.25 meV, and pyp = 0.9 meV/T.

© 2012 Macmillan Publishers Limited. All rights reserved.



2. Selection rules for valley-spin relaxation

To investigate the selection rules for the observed valley-spin relaxation transitions, we discuss

here several mechanisms that can cause valley-spin relaxation: spin-orbit interaction'”*’

, intervalley
scattering'’, and hyperfine interaction with the nuclei®.

The six possible (1,1) = (2,0) transitions are listed in Table S3. Note that the valley-spin
symmetry of the two-electron state is not conserved for these transitions. For the opposite bias
direction, we only list the observed and identified transitions for clarity (Table S4). Three out of five
transitions involve a change of symmetry. Several other transitions are visible for higher detunings in

Fig, 3d, but could not be identified because they overlap. Therefore (2,0) = (1,1) transitions that are

not listed in Table S3 cannot be classified as not observed.

Table S3 | Selective valley-spin relaxation for the (1,1) - (2,0) transitions.

(1,1) state | (2,0) state Valley-spin Number of valley- | Number of spin- | Transition
symmetry change | flips flips observed

TK| K| SK| K yes 1 1 yes
TK| K| yes
TK|K] SKTK" yes 1 2 no
TK|K] SK|K’| yes 1 0 no
TKIK| SKTK’| yes 2 1 no
TK|K| SKTK’| yes 1 1 yes

Table S4 | Observed and identified (2,0) > (1,1) transitions.

(2,0) state | (1,1) state | Valley-spin Number of valley- | Number of spin-
symmetry change | flips flips
SK|K” SK| K’} no (] 0
SK|K” no
SK| K" TK|K| yes 1 1
SK| K’} TK' K yes 1 1
TK|K| yes 0 1
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$11-13 through the mechanisms of

Valley-spin relaxation can be attributed to spin-orbit interaction
bend-mediated relaxation' as explained in the main text or spin-phonon coupling’’. Alternatively,
hyperfine coupling can also mix both valley and spin states'*. Valley mixing can arise from the
disorder' (presumably responsible for the observed transition SK|K’1(2,0) = SK|K1(1,1)). However
valley mixing alone cannot be responsible for the other observed transitions which include a spin-flip.
We therefore suggest that spin-orbit interaction and hyperfine coupling contribute to the most of the

observed and identified transitions. However, the corresponding relaxation rates and observed leakage

currents are not understood.
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3. Valley-spin relaxation around zero magnetic field
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Figure S5 | Contrasting valley-spin relaxation for parallel and perpendicular magnetic field. a,b,
Valley-spin leakage current around B, = 0 (a) and B, = 0 (b). Detuning axis is the same as in Fig. 3a.

c,d, Cuts along B, (c) and B, (d) at the detunings marked by the arrows in a and b.

The behavior of the leakage current at low magnetic field can give insight into the electron spin
relaxation mechanisms®". A striking difference in the leakage current is observed for different field
directions (Fig. S5). With the field applied along the nanotube, we see a split peak in the current
around zero field (Fig. S5a), whereas for perpendicular field, a broad dip is observed (Fig. S5b).

A current peak at zero field was previously measured in an isotopically enriched 99% 'C
nanotube device, and attributed to an enhanced hyperfine interaction, although with a surprisingly
large hyperfine coupling constant deduced from the peak width®. In our case, the peak full width at
half maximum is approximately ten times smaller. Since this peak width scales with the square root of
the "°C concentration, this corroborates the hyperfine coupling constant measured in ref. 8, assuming
the same quantum dot size and nanotube diameter. The splitting of the peak could be due to
exchange', although in this case the size of the splitting would be expected to depend on detuning, in

contrast to what is observed. A local current minimum at B, = 0 can arise due to spin-orbit coupling as

10

© 2012 Macmillan Publishers Limited. All ights reserved.



described in ref. 10. A split peak due to hyperfine interaction is also predicted in ref. 14, although that
theory does not include spin-orbit coupling.

The current minimum at zero perpendicular field is likely due to the influence of spin-orbit
coupling, which can cause spin relaxation only at finite field*''">'°. Alternatively, such a minimum
has been predicted to arise from disorder-induced valley mixing'®. The different behavior in parallel
and perpendicular fields presumably reflects anisotropy of either the spin-orbit or hyperfine coupling'’.
The difference in the zero field current between Fig. S5c and d can arise from a small magnetic field

offset in the setup.

11
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4. The effect of the bend
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Figure S6 | Schematic of magnetic field applied to a bent nanotube. a, Magnetic field (red arrow)
applied at different angles, and the resulting effective magnetic field (black arrow) acts on the
combined valley-spin states. b, Coordinate system for our bent nanotube. Magnetic field is applied in
the x-y plane. ¢, B varies across the bend in the case of a bent nanotube with the field applied along

the x-axis.

In this section we elaborate on the effective magnetic field in a bent nanotube mentioned in the
main text. The two single-particle states (K’1, K|) that comprise the low-energy doublet form an
effective spin-1/2 subspace. Within this subspace, an effective Hamiltonian derived from equation (1)
is written':

* 1 *
H*=-ugs™-g-B, (12)

where s is a vector of effective spin Pauli matrices. The g-tensor is given by:

gxx O 0
g= 0 gy 0], (13)
0 0 gz
where, G = G = 9sAxx
Iy , (14)
1IAKK'Z + Agp”
2l’lorbASO . (15)

972z = 9gs +
.UBJAKK'Z + As0°

For a straight nanotube pointing along the z-axis, gyx = gyy due to the rotational symmetry of the
nanotube. In the case of a ultra-clean nanotube, gyy approaches zero. In a disorder-dominated
nanotube, where Agg- > 4sg, gyy~2. For our nanotube with Agg- determined in Section 6, gyy = 0.2.

Within the (K1, K|) subspace, the evolution of the electron state is the same as that of a spin-1/2
particle in an effective magnetic field' Beg = g B/gs. Fig. S6a illustrates the magnetic field B

12
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applied at different angles to the nanotube and the resulting effective field Bo¢. For a parallel B (Fig.
S6a upper panel), Begr points to the same direction and the magnitude depends on g,,. If 1 T is applied
parallel to the nanotube, and we take g,, = 30, Begr Will be 15 T. This large effective field does not act
directly on the electron spins, but on the combined valley-spin states. In the case of a perpendicular B
(Fig. S6a middle panel), By is in the same direction and the magnitude depends on gyy. For B at
other angles (Fig. S6a lower panel), B¢ does not point along B and can be constructed using vector
decomposition. In the case of a bent nanotube with the field applied along the x-axis (Fig. S6c¢), the
angle between the applied field and the local nanotube axis varies across the bend, therefore B¢ also

varies across the bend.

13
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5. Alignment of the magnetic field relative to the nanotube
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Figure S7 | Accurate alignment of the magnetic field. Current near zero detuning (position marked
by the red arrow in Fig. 4a) in a constant magnetic field IBl = 0.5 T while varying the angle ¢ and 6
close to the plane perpendicular to the nanotube axis. The near-symmetry in both ¢ and 6 confirms
our estimation of the nanotube local coordinate system and indicates a good alignment of the applied

magnetic field.

Correct alignment of the applied magnetic field is crucial for our analysis of the g-factor
anisotropy. To maintain ultracleanness of the nanotube, we did not image the device, making the
orientation of the z-axis relative to the chip uncertain. The axis of the nanotube is identified by
measuring the current anisotropy as in Fig. 3f and Fig. 4a. The nanotube coordinate system is then
constructed so that the current is symmetric with respect to field angle about 180°. All our data is taken
using the nanotube coordinate system.

The data in Fig. S7 confirms that the anisotropy measured in Fig. 4a is not due to field
misalignment; the current minimum near ¢ = 90° is observed even if the field is tilted away from the

equator (6 = 90°).

14
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6. Angle independence of valley mixing
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Figure S8 | Angle independence of disorder-induced valley-mixing. a, Leakage current as a
function of detuning (defined in Fig. 2g) and magnetic field at the angle 6 = 20 °. Green curves are
calculated using equation (16) yielding Ak = 0.25 +£ 0.07 meV. b, as a but at 6 = 70 °, and Ak = 0.25
+ 0.07 meV. ¢, Ak as a function of 6. The error bars are determined by average linewidth of the

transitions.

The disorder-induced valley-mixing strength Axx can be obtained from magnetospectroscopy'®. In
Fig. S8a, the transitions TK|K|(1,1) 2 SK|K?1(2,0) and TK|K|(1,1) = SK|K’1(2,0) show an avoided
crossing, which arises because the final states differ in the valley of one electron. The splitting of the
anticrossing is equal to Axx , and is extracted by comparing the transition detunings to a simple model
of two anticrossing energy levels. We approximate the two energy levels involved by the eigenvalues

of the following Hamiltonian:

Hagsang = (A 0BG /2 (1o
crossing A/ 2 A+ (B —B.)q,

where the anticrossing field B, and the slopes ¢; and ¢, of the two transitions are determined from
equation (11). The detuning A at the anticrossing and Agg-are taken as free parameters.

Fig. S8a and b show calculated anticrossings superimposed on the data for two magnetic field
directions. Analyses of similar data over a range of field directions (Fig. S8c) show that Axx =

0.25 4+ 0.08 meV is independent of angle.

15
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7. EDSR in the first device

Microwave frequency (GHz)

Figure S9 | EDSR at transition (1h,1e) - (0,0) of the first device. Current as a function of
microwave frequency and B,. Several electric dipole spin resonances are observed. Green curves are
guides to the eye indicating the most pronounced resonance lines. Yellow curves indicate
subharmonics at half of the frequency. To make the resonances clearer, field and frequency
independent background currents have been subtracted. The applied microwave power was -31 dBm
and Vgp =5 mV.

Electric dipole spin resonance (EDSR) is also detected in the first device in a different cooldown
and at the blockaded transition (1h,le) = (0,0). As shown in Fig. S9, we observe a complex spectrum
with many resonances, which presumably reflects spin-orbit interaction, the bend, and exchange. The
green curves are guides to the eye drawn over the two strongest resonance lines, The yellow curves are
drawn at half the frequency and overlap two faint resonances suggesting that these arise from two-

photon transitions'***. However the full spectrum is not understood.

16
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