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The valley degree of freedom in two-dimensional (2D) semiconductors, such as gapped bilayer graphene
(BLG) and transition metal dichalcogenides, is a promising carrier of quantum information in the emerging field
of valleytronics. While valley dynamics have been extensively studied for moderate band gap 2D semiconductors
using optical spectroscopy techniques, very little is known about valley lifetimes in narrow band gap BLG, which
is difficult to study using optical techniques. Here, we report single-particle valley relaxation times 7 exceeding
several microseconds in electrostatically defined BLG quantum dots using a pulse-gating technique. The ob-
served dependence of 7; on perpendicular magnetic field can be understood qualitatively and quantitatively by a
model in which 7; is limited by electron-phonon coupling. We identify the coupling to acoustic phonons via the
bond length change and via the deformation potential as the limiting mechanisms.

DOL: 10.1103/dkgn-pfijb

I. INTRODUCTION

Charge carriers in two-dimensional (2D) materials with
a hexagonal crystal lattice have, in addition to the spin, a
tunable valley degree of freedom. This renders these materials
promising candidates for valleytronics [1-4], where the valley
relaxation time 77 is an important figure of merit, allowing us
to assess the potential for valley-based information storage. In
2D transition metal dichalcogenides with moderate band gaps,
the valley degree of freedom is very accessible for optical
manipulation and readout. This allowed pump-probe spec-
troscopy experiments [5,6], in particular time-resolved Kerr
rotation experiments [7—11], which revealed relaxation times
ranging from nanoseconds to microseconds, depending on
the material and excitation conditions. However, such optical
techniques are not readily applicable to narrow gap bilayer
graphene (BLG), resulting in a lack of knowledge about valley
lifetimes in BLG. Recent advances in the confinement of car-
riers in BLG using quantum dots (QDs), however, are opening
up new avenues for the study of valley lifetimes in BLG.

Bernal-stacked BLG comes as a gapless semimetal, in
which electrons and holes can be described as massive
Dirac fermions [12]. However, when an out-of-plane electric
displacement field D is applied, the inversion symmetry of the
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crystal lattice is broken, as the on-site energy of carbon atoms
of the top layer becomes different from that of the atoms of the
bottom layer [see Fig. 1(a)] [13]. This leads to the opening of
a band gap at the two valleys, K and K’ [see Fig. 1(b)], which
depends on the strength of the symmetry breaking potential,
i.e., on D [14-16], resulting in a tunable band structure that
allows for gate-defined charge carrier confinement [17-19].
The broken inversion symmetry also leads to a finite Berry
curvature €2 near the K points, where 2 has opposite signs at
the K and K’ points and has mirror symmetry for electrons
and holes [13,20] [see Fig. 1(c)]. The Berry curvature gives
rise to a valley-dependent anomalous velocity term leading
to the valley-Hall effect in bulk BLG [21,22] and to finite
out-of-plane magnetic moments in BLG QDs. These topo-
logical orbital magnetic moments, which have opposite signs
for K and K’, couple to an external out-of-plane magnetic
field and are the origin of the valley Zeeman effect in BLG
QDs [23,24].

To create gate-defined QDs in BLG, the electronic wave
function needs to be confined by a potential U(r) in real
space [see Fig. 1(a)] and will be distributed near the K and
K’ points in k space. A single-electron or single-hole QD can
then be described by the Hamiltonian Hqp = Hgrg + Hz +
Hso + U(r) [25]. Here, Hgr g represents the effective 4 x 4
Hamiltonian of bulk BLG near the K and K’ points based
on the sublattice and layer degrees of freedom and includes
the bulk valley Zeeman effect (see Appendix A), which will
be further modified by the confinement U (r). Hz denotes the
spin Zeeman coupling. Hgo describes the intrinsic Kane-Mele
spin-orbit (SO) coupling, which lifts the zero B field degener-
acy of the four single-particle states, leading to the formation
of two Kramers pairs with opposite spin and valley quantum
numbers (K1), |K'})) and (|K'1), |K])), separated by the
SO gap Aso. In BLG devices Agg typically has values in the
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FIG. 1. (a) Lattice structure of BLG highlighting the top and
bottom layers and a symmetry breaking displacement field D. The
electrostatic confinement potential U allows us to form a QD.
(b) Band structure of gapped BLG. Close to the K and the K’
valleys a band gap opens. (c) The broken inversion symmetry re-
sults in a finite Berry curvature 2 near the K and K’ points, which
has opposite signs for the two valleys and for electrons and holes.
(d) Single-particle spectrum of a BLG QD. At B, = 0, Ago leads to
the formation of two Kramers doublets. A finite B, results in a spin
and valley Zeeman effect, leading to additional energy splittings of
AE; = gsupB and AE, = g,upB. The arrows depict the transition
energies between the ground state |[K’1) and the three excited states.

range of 40—80ueV [18,20,23,26,27]. In Fig. 1(d) we show
the single-particle spectrum of a BLG hole QD as a function
of the out-of-plane magnetic field B, . As B, couples to both
the spin and valley magnetic moments, we observe linear
energy shifts given by E(B,) — E(0) = (£gs + gv)usB1/2
[28]. Here, up is the Bohr magneton, g ~ 2 is the spin g
factor, and the valley g factor g, quantifies the strength of the
Berry curvature induced valley magnetic moment, which can
be tuned by the confinement potential of the QD in a range
typically between g, &~ 10 and 70 [24,29,30]. All this makes
the valley degree of freedom in BLG QDs highly tunable,
in stark contrast to its behavior in Si, Ge, and SiGe QDs,
enabling significant valley polarization at relatively low B
fields, which is evident from the separation between the |K’)
and excited |K) states shown in Fig. 1(d).

II. RESULTS

The fabricated device consists of a flake of BLG encap-
sulated by two crystals of hexagonal boron nitride (hBN)
placed on a graphite flake acting as a back gate. On top of
the van der Waals heterostructure, split gates (SGs) are used
to gap out the BLG underneath, resulting in a narrow n-type
conductive channel connecting the source (S) and drain (D)

leads [see Fig. 2(a)]. To confine single charge carriers, the
band edge profile along the channel can be adjusted using two
layers of interdigitated finger gates (FGs) [17,19]. One of the
FGs is used as a plunger gate (PG) to tune the QD, locally
overcompensating for the channel potential set by the back
gate. The width of the PG measures about 70 nm, and the
separation of the SGs is around 80 nm, setting an upper limit
of the QD radius r to around 30—40 nm. The DC potential
applied to the plunger gate Vpg allows us to control the charge
carrier occupation down to the last hole [see Fig. 2(b)]. To
study transient transport through the QD, an AC potential,
Vac, can be applied to the PG via a bias tee [see Fig. 2(a)].
To maximize the transient currents and to study the relaxation
dynamics of the QD states, the FGs adjacent to the PG (yellow
and blue) are used to reduce the tunnel coupling between the
QD and the left and right reservoirs, I't, and I'g [31-34]. The
details of the device fabrication and the experimental setup are
given in Appendixes B and C.

To study the relaxation dynamics of an excited valley state,
we first investigate the single-particle spectrum of the QD.
For that purpose, we perform excited state transient current
spectroscopy measurements by applying a square pulse with
a frequency f (duty cycle 50%) to the PG [see Fig. 2(c)].
Figure 2(d) shows the average number of charge carriers tun-
neling through the QD per pulse cycle, (n)/pulse =1/(fe),
with the elementary charge e, as a function of the pulse ampli-
tude Vac and the DC plunger gate voltage AVpg relative to the
Coulomb peak position at Vac = 0. At finite V¢, transport
via the ground state (GS) may occur when the GS resides
within the bias window during either part of the square pulse
(7i, Tm), resulting in a splitting of the GS Coulomb peak (|K1);
and |K1),,) [32,35]. Once Vac becomes large enough that an
excited state (ES) enters the bias window, a transient current
via the ES contributes to the overall current and shows up as a
resonance in Fig. 2(d) (see dashed lines). From the positions
of the two prominent ES resonances we can extract their en-
ergies. Figure 2(e) depicts the energy difference between the
ground state (JK’1)) and the first spin ES (yellow data points,
|[K’})) and the valley ESs (red data points, |K|) and |[K1))
determined from measurements in Fig. 2(d) as a function of
B, . The energy splitting of the spin ES and the GS increases
linearly with B, due to the spin Zeeman effect. A fit to the
data yields a spin g factor of gg = 2.0 £ 0.2 and a zero-field
splitting of Ago = 75 ueV, in agreement with the slightly
proximity-enhanced Kane-Mele SO coupling [20,23,26]. Due
to the finite peak width, the energy of the two valley ESs
cannot be determined independently. Thus, the data were fit
considering the average energy splitting with a slope cor-
responding to g, + gs/2. A valley g factor of g, =30.2 £
0.2 was determined, similar to values reported in earlier
works [23,24].

Next, to investigate the relaxation dynamics of the
observed single-particle valley ES, we apply a three-level
pulse scheme to the PG [see Fig. 3(a)] and measure the
tunneling current through the QD [33]. During 7;, the QD
is initialized in the empty state. Subsequently, during y,, the
GS |K’1), the spin ES |K’]), and the two valley ESs, |K1)
and |K|), are tuned below the electrochemical potentials of
the source and drain leads. After the characteristic tunneling
time, on the order of 1/(I'L 4+ I'r), either the GS or one of
the three ESs will be occupied by a single charge carrier.
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FIG. 2. (a) False-color scanning electron microscopy image of the gate structure of the device. The plunger gate (PG, red) is connected
to a bias tee for applying AC and DC signals to the same gate. (b) Current through the device as a function of Vpg at a source-drain bias
voltage of Vsp = 200 uV. The n-type channel is pinched off close to Vpg = —6.8 V. Upon further decreasing Vpg, a hole QD is formed, and
Coulomb resonances appear when additional holes are added to the QD (see labels). (c) Top: Schematic of the square pulse applied to the PG
characterized by the voltages V; and V, and the times 7; and 7,,. Bottom: Schematic of the QD states relative to the electrochemical potentials
of the leads. (d) Excited state (ES) spectroscopy using transient current measurements. The average number of charge carriers (n) tunneling
through the QD per pulse is plotted as a function of AVpg for different Vac (f = 5 MHz, B, = 300 mT). Traces are offset for clarity. |[K'1)
denotes the current via the ground state. Orange and yellow dashed lines highlight transient currents via excited states (|K'| ), |K1), and |[K )).
(e) Energy AE of the ES relative to the GS as a function of B, . Fitting Aso/2 + (gv + gs/2)usB (orange dashed line) yields g,. The solid
lines indicate the energies of the valley ESs deduced from the fits. The inset shows a close-up of the low-B, regime.

A charge carrier in an ES has the chance to relax into
an energetically lower-lying state by either spin or valley
relaxation with a characteristic relaxation time 7;. Finally,
during 7,, we perform a valley-selective readout, measured
by aligning the |K) states in the bias window. Only charge
carriers occupying one of the two |K) states, which have
not relaxed into a |K’) state, can tunnel out and contribute
to the transient current. Figure 3(b) shows the current [
through the QD as a function of Vpg while applying the
pulse sequence depicted in Fig. 3(a). The three peaks labeled
IK'1)i, |K'1),, and |K'1),, correspond to GS transport
during each of the three pulse steps. Furthermore, transient
currents via the three ESs, |K1),,, |[K{),, and |[K']),,, can
be observed during t,. The relaxation time 7} of the |K)
states into an energetically lower-lying state can be probed by
extracting the maximum value of the combined |K1),, and
K1), peaks, which at a fixed value of B, is at a constant
energy difference [see Fig. 1(d)], as a function of the holding
time 1, (for more information on the peak analysis see
Appendix D) [31,33,34]. We convert the current / into the
number of charge carriers tunneling through the QD per pulse
cycle, (n)/pulse = I(t;j + T, + Ty )/e. The number of charge
carriers (n) ), tunneling via the excited |K) states is directly
proportional to the probability of |K) remaining occupied
after t,, Pk)(n). The relative occupation probability of |K)
as a function of 7, decays exponentially with the characteristic
relaxation time Ti, (l’l)|]()m (m)/ (I’l)u()m 0) =
Pix) (m)/Pix) (0) = e~/ [31,33].

Figure 3(c) depicts Pig)(th)/Pxy(0) as a function of 1, for
three different out-of-plane magnetic fields. The datasets show
an exponential decay of the occupation probability as a func-
tion of 7,. An exponential fit (solid line) yields, for example,
Ty =40us at By =0.175T. T; decreases with increasing
B, and reaches a value of 845 ns at B} = 0.45T. A single
charge carrier occupying |K 1) or |K | ) may relax into a lower-
lying state either by pure valley relaxation (|K1) — |K’1) and
IK{) — |K'])) or by additionally flipping the spin (|K1) —
|K’'}) and |K|) — |K’1)). Relaxation processes requiring a
single valley flip are expected to be faster than processes that
require both a spin flip and a valley flip. This is supported by
recently reported spin relaxation times between hundreds of
microseconds and 50 ms for energy splittings AEg > 200 peV
[33,34]. For the pure spin relaxation between |K’|) and the
GS, no relaxation could be observed over the whole range of
investigated 7, and B, (the amplitude of |K’|),, is constant
as a function of t,; see Appendix D). Hence, we conclude
that 7; extracted from Fig. 3(c) must be limited by the valley
relaxation time.

In Fig. 4, we plot the valley relaxation time 7; extracted
from exponential fits, as exemplarily shown in Fig. 3(c) as a
function of B, and as a function of the energy splitting AE,.
When decreasing B, from 0.7 to about 0.15 T, 7 increases
from below 0.5 to about 7 us, while at even lower B, the
relaxation rate decreases again to 77 ~ 2 us at 80 mT (gray
symbols).
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FIG. 3. (a) Top: Schematic of the three-level pulse scheme ap-
plied to the PG, which is characterized by the voltages V;, V},, and
Vi and the times t;, t,, and 7,,. Bottom: Schematic of the QD states
relative to the electrochemical potentials in the leads (see text for
details). (b) Current / as a function of Vpg while the pulse sequence
in (a) is applied (B, = 0.22 T, Vsp = 10 uV). The valley 7; time is
derived from the amplitude of |K1),,. Dashed curves are Lorentzian
fits to the peaks. (c) Relative occupation probability of |K 1) after the
holding pulse P, (th)/Pk)(0) as a function of the holding time, 7.
The traces are offset for clarity.

III. THEORETICAL MODEL

To gain a better understanding of the experimental results,
we compare them with theory. We model the system using
the Hamiltonian H = Hqgp + Hepc + Hik', where Hop de-
scribes a single electron or hole in the BLG QD and Hgpc =
> P Hégc is the electron-phonon coupling. Furthermore, we
allow mixing between the two valleys described by the inter-
valley coupling term Hyxg' = Agg T,/2, with the Pauli matrix
7, acting on the valley degree of freedom. For simplicity,
we model electrostatic confinement using a finite circularly
symmetric step potential U(r) with potential depth Uy ~
39.6 meV and r = 25 nm. This yields a valley g factor of g, =
30, in good agreement with the experiment [see Fig. 2(e)].
We consider transitions between states with equal spin but
opposite valley degrees of freedom mediated by coupling
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FIG. 4. Valley relaxation time 7} as a function of B, (bottom
axis) and the valley splitting AE = g,upB, (top axis). Error bars
indicate the 1o confidence interval of an exponential fit to the data
as in Fig. 3(c). The black curve represents a fit assuming 7; is
limited by electron-phonon coupling arising from the deformation
potential and from bond length change. The blue (red) curve shows
the contribution of the deformation potential (bond length change)
separately.

to in-plane acoustic phonons arising either from the defor-
mation potential (coupling strength g;) or from bond length
change (g) [36]. Since we operate in the low-energy limit,
we consider only acoustic phonons, while out-of-plane acous-
tic (ZA) phonons are supposed to be quenched in graphene
supported on a substrate, especially in encapsulated graphene
[25,37]. The Hamiltonian describing coupling to phonons in
mode A with wave vector ¢ has the form H]égc = ¢4(g1a100 +
82050y + g2a/2/oy)(eiq'rbiq — e"'q‘rbxq), with o, . being the
Pauli matrices for the sublattice degree of freedom [38,39]
and ¢, = /q/Apv;, with A being the area of the BLG sheet,
p being the mass density of BLG, and v, being the sound
velocity; ay » are phase factors, and b, and b; , are the phonon
ladder operators [25]. Using Fermi’s golden rule, we calculate
the valley relaxation times 77 between the initial and final
eigenstates |i) and |f) of the Hamiltonian Hqp + Hyxg with
opposite valley quantum numbers and eigenenergies &; and
Ef,

1 d?
7 =27A ; / #| (il Hyge 1) P8(e — & + v29)-
We take into account only the emission of phonons (with en-
ergy v,q) because the thermal energy is significantly smaller
than the valley splitting. To quantify the electron-phonon
coupling strength, we perform the least squares fit to the
experimental data using g; and g, as free fit parameters. Our
model is in good qualitative and quantitative agreement with
the data taken above B, = 0.1 T, where increasing B results
in decreasing T}, but it cannot explain the decrease in Tj
observed for B, < 0.1T, suggesting that other mechanisms
dominate in this regime. We speculate that the discrepancy
between our model and the data in the regime B; < 0.1 T
may be due to a hot spot [40], thermal broadening induced
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charge noise [41,42], or 1/f charge noise, which is expected
to become dominant in the small energy range, as discussed
in more detail in Ref. [25]. Consequently, we have restricted
the fit to the data for B; > 0.1 T, which yields coupling
parameters of gy = 50eV and g, = 5.4 eV. It is noteworthy
that both parameters are in good agreement with the literature,
which includes values in the range of 20-50 eV for g; [43-47]
and values in the range of 1.5-5 eV for g, [36,47], where
the wide range of values is partly due to the dependence of
the deformation potential on screening and doping [43,44].
The black solid line in Fig. 4 corresponds to the contributions
from both the deformation potential coupling and bond length
change coupling, while the dashed lines show the individual
contributions (see labels). In the calculation, the intervalley
coupling, which is mainly responsible for the absolute val-
ues of 77 but does not enter the functional B, dependence,
was set to Axgr = 50 pueV. At larger magnetic fields, By 2
0.5T, T; is predominantly limited by electron-phonon cou-
pling via the deformation potential, whereas at smaller fields
it is limited by the coupling due to bond length change. This
transition occurs due to the crossover between the dipole
and the higher multipole regimes for the bond length change
coupling if the phonon wavelength A ~ 2m/iv, /(gyupB1)
is comparable to the QD radius r, where gr =2nr/A =
1. Hence, the crossover occurs around the critical field
Bq ~ hv, /(gyusr) ~ 0.3 T. The assumed QD radius of r =
25 nm is in agreement with the lithographic device dimensions
as well as with the confinement size, giving rise to a valley
g factor of g, = 30, in excellent agreement with experiment.
The gray bar in Fig. 4 depicts the range of B} assuming the
estimate of r deviates by a factor of 2, highlighting that the
transition region is well within the experimentally investigated
B, range.

IV. DISCUSSION AND RESULTS

The long single-particle valley lifetimes in BLG QDs
of up to 7 us make BLG a promising candidate for val-
leytronic applications and confirm that the valley degree of
freedom is, indeed, interesting for the realization of qubits,
where the 7; time sets an upper limit on the coherence
time 7,". This potential is furthermore underlined by a re-
cent experiment showing long relaxation times from valley
triplet to valley singlet states [48]. Fits to the experimental
data confirm that electron-phonon coupling mediated by the
bond length change and the deformation potential limit the
relaxation time over a wide magnetic field range. As the valley
magnetic moment is typically 1 to 2 orders of magnitude
larger than the magnetic moment associated with the electron
spin, we anticipate that gate operation times of a valley qubit
are much faster than those of a spin qubit, potentially compen-
sating for the shorter relaxation times. The magnitude of the
valley magnetic moment can be adjusted all electrically [30],
which could provide a way to realize control over a single
valley without the need for microwave bursts, micromag-
nets, or electron spin resonance strip lines and could enable
well-controlled addressability. Crucial follow-up experiments
include the determination of the coherence times (7,* and 75)
and insights into their limiting mechanisms such as charge
noise, as well as the understanding of the upper bound of the

recently reported long relaxation times of Kramers states at
small energy splittings [49].
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APPENDIX A: HAMILTONIAN OF BILAYER GRAPHENE

The Hamiltonian Hgj g used to describe the band structure
of bulk BLG is given by

A YoP  YaD* VI
vopx A V3D VaD*
vap  V3px —A  Yop

Vi vap  Yop*  —A

Hgig(k) = , (A1)

with the displacement field being 2A and the hopping
parameters yp = 2.6eV, y; =0.339¢eV, y3 =0.28¢eV, and
y4 = —0.14eV. The momentum p(k) = —Ba(tk, — ik, —
ixBe/2 —tyBe/2)/2, with valley index T = %1 and lat-
tice constant a = 2.46 A, includes the valley Zeeman effect
[13,52,53].

APPENDIX B: DEVICE FABRICATION

The device is composed of a van der Waals heterostructure,
where a BLG flake is encapsulated between two hBN flakes
approximately 25 nm thick and placed on a graphite flake
which acts as a back gate (BG). Cr/Au split gates on top of
the heterostructure define an 80 nm wide channel. Across the
channel, two layers of 70 nm wide interdigitated Cr/Au finger
gates are fabricated. Two 15 nm thick layers of atomic layer
deposited Al,O3 act as a gate dielectric. For the details of the
fabrication process, we refer to Ref. [54].
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APPENDIX C: EXPERIMENTAL SETUP
AND PARAMETERS

In order to perform RF gate modulation, the sample is
mounted on a home-built printed circuit board. All DC lines
are low pass filtered (10 nF capacitors to ground). All FGs
are connected to onboard bias tees, allowing for AC and DC
control on the same gate [see Fig. 2(a)]. All AC lines are
equipped with cryogenic attenuators of —26dB. V¢ refers
to the AC voltage applied prior to attenuation. The measure-
ments are performed in a *He/*He dilution refrigerator at a
base temperature of approximately 20 mK and at an electron
temperature of around 60 mK. The current through the device
is amplified and converted into a voltage with a home-built
-V converter at a gain of 10,

Throughout the experiment, a constant back gate voltage
of Vgg = 5.025 V and a split gate voltage of Vsg = —5.435V
are applied to define an n-type channel between the source
and the drain. The four gates acting as barrier gates to the QD
[see Fig. 2(a), yellow and blue color coding] are biased by
—6.05 £ 0.1, —4.95, —5.18, and —6.15 £ 0.1 V, respectively.
The voltages are adjusted to compensate for the influence of
B on the tunnel coupling.

APPENDIX D: PEAK ANALYSIS AND EXTRACTING
RELAXATION TIMES

Figure 5(a) shows an exemplary measurement of the aver-
age number of charge carriers (n) tunneling through the QD
per pulse cycle as a function of the duration of the holding
pulse 7, and the plunger gate voltage Vpg. The colored la-
bels mark the probed states. The measurement was recorded
at an out-of-plane magnetic field of B; = 0.25T [the mea-
surement corresponds to the results depicted in Fig. 3(c)].
Exemplarily, line cuts of the measurement in Fig. 5(a) are
shown in Fig. 5(b). The peak heights of |K'1),, and |[K'|),,
are displayed in Fig. 5(c) as a function of the pulse duration
7. The maximum value of the peak attributed to |K1),, and
|K|),, [red data points in Fig. 5(c)] is extracted in a small
voltage window at a fixed distance from the position of the
peak |K’1),, [visualized by the red shaded area in Fig. 5(b)].

It is important to note that the observed exponential decay
does not depend on details of the peak analysis. The line cuts
in Fig. 5(b) reveal that the finite peak linewidth compared
to the small energy spacing between the |K) states makes it
difficult to identify peaks |K|), and |K?), independently.
Therefore, we extracted the maximum value of the com-
bined peak contributions [red shaded area in Fig. 5(b)]. To
highlight that the obtained result is robust, we determine the
values at fixed energy splittings from the ground state peak
|K'1)m» AEy + AEs [red arrow in Fig. 5(b)] and AEy + Aso
[orange arrow in Fig. 5(b)], which correspond to the ex-
pected positions of peaks |K | ), and |K1),,, respectively. The
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FIG. 5. (a) Average number of charge carriers (n) tunneling
through the device per pulse cycle (derived from the current /)
as a function of Vpg and 1, while the pulse sequence depicted in
Fig. 3(a) is applied. The color-coded arrows mark the positions of
the peaks |K'1),, (yellow), |K']),, (blue), and |K|), and |[K1),
(red). An out-of-plane magnetic field of B, = 0.25T was applied.
(b) Exemplary line traces of the measurement in (a), where (n) /pulse
is shown as a function of Vpg for different values of 1, (black arrow
on the right side). The traces are offset by an arbitrary s for
better visibility. (c) Maximum values of the labeled peaks in (a) as a
function of the pulse duration t;,. The maximum value of the peak
that we attribute to |K|), and |K?), was extracted in a voltage
window at a fixed energy difference from the peak |K’'1),, [red
shaded area in (b)]. (d) Normalized occupation probability extracted
at fixed energy splittings corresponding to the two |K) states [red and
orange arrows in (b)].

corresponding normalized occupation probabilities as a func-
tion of 7, are shown in Fig. 5(d). The results yield similar
decay constants (77 &~ 2.03us and 7} &~ 1.83 us) which are
within the margin of the error of the results shown in Fig. 4.
Apart from the exponential decay of the maximum value
at |K|), and |K1), [see also Fig. 3(c)], the peaks of the
ground state (|K'1),,,) and the first excited state (|K’]),,,) show
a constant maximum value over the measured range of ty,.
Since spin relaxation, from |K'|) to |K'1), would show up
in a decrease of the peak height of |K’|),, [blue data points
in Fig. 5(c)], we conclude that spin relaxation appears on a
timescale t, >> 3 us. This observation aligns with previous
findings [33,34].
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