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Bilayer graphene is a promising platform for electrically controllable qubits
inatwo-dimensional material. Of particular interest is the ability to encode
quantum informationin the valley degree of freedom, a two-fold orbital
degeneracy that arises from the symmetry of the hexagonal crystal structure.
The use of valleys could be advantageous, as known spin- and orbital-mixing
mechanisms are unlikely to be at work for valleys, promising more robust
qubits. The Berry curvature associated with valley states allows for electrical
control of their energies, suggesting routes for coherent qubit manipulation.
However, the relaxation time of valley states—which ultimately limits these
qubits’ coherence properties and therefore their suitability as practical
qubits—is not yet known. Here we measure the characteristic relaxation times
of these spin and valley states in gate-defined bilayer graphene quantum dot
devices. Different valley states can be distinguished from each other with a
fidelity of over 99%. The relaxation time between valley triplets and singlets
exceeds 500 ms and is more than one order of magnitude longer than for spin
states. This work facilitates future measurements on valley-qubit coherence,
demonstrating bilayer graphene as a practical platform hosting electrically
controlled, long-lived valley qubits.

Bilayer graphene (BLG) offers unique opportunities as a host mate-
rial for spin qubits". These include weak spin-orbit interactions*
and natural nuclear-spin concentrations as low as 1.1% (compared to
4.7% in Si), which can be further improved by isotopic purification’.
Two-dimensional (2D) materials allow for the realization of smaller
transistors® and possibly more strongly coupled quantum devices, as
compared to bulk materials.

In addition, the symmetry of the hexagonal Bravais lattice of
BLG gives rise to a valley degeneracy, which behaves analogously
to spins”°. This unique valley degeneracy in BLG with electrically
tunable valley g-factor® provides an additional degree of freedom
to realize and manipulate qubits. In particular, there is the prospect
of realizing highly robust qubits with valley states. Whereas charge

qubits couple to electric fields and spin qubits to magnetic fields,
valley qubits consist of two degenerate states with the same charge
distribution and the same spin configuration, but differ in their loca-
tionsinreciprocal space. Theories have proposed various intervalley
scattering mechanisms, requiring a short-range event on the scale of
the lattice period™". Hence, for sufficiently low atomic defect density,
the valley lifetimes are expected to be limited not by intrinsic mixing
mechanisms such as phonon-mediated spin-valley coupling but by
thefinite size of the dot ultimately breaking translational invariance,
similar to that previously discussed for transition metal dichalcoge-
nides'. So far, however, only very short valley lifetimes have been
observed, notin graphene but in optically addressed valley qubits in
other 2D materials™.
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The development of BLG quantum dot devices has made rapid
progress in recent years”” ¥, with the demonstration of high qual-
ity and controllability®'® and the discovery of intriguing phys-
ics***?%2 such as switchable Pauli spin and valley blockade in coupled
double quantum dots?, as well as the realization of high-quality
charge-sensing technology>?*. In recent experiments, we found
spin-relaxation times 7, of up to 50 ms measured with the single-shot
Elzerman readout technique® in a single quantum dot*, compara-
ble with values from other semiconductor quantum dot systems?,
such as in HI-V**7%°, silicon-based®** and germanium-based®
heterostructures. Here we demonstrate single-shot readout with both
spin and valley Pauli blockade®** in gate-defined BLG double quan-
tum dots and the associated measurement of characteristic spin and
valley relaxation times T, between spin- or valley-triplet and singlet
states. Using a property unique to BLG, we can select between spin-
or valley-blockade regimes by choosing appropriate perpendicular
magnetic fields?>. The spin-T; time is measured to be up to 60 ms at
B, =700 mT, corroborating our recent findings in single quantum
dots®. By increasing the interdot tunnel coupling, the spin-T, time is
reduced. We observe outstandingly long valley-T; times, longer than
500 msatB, =250 mT. Unlikein the relaxation of spin states, intervalley
relaxationtimes are found to be robust against variation of theinterdot
tunnel coupling strength. This valley lifetime is comparable with the
state-of-the-art spin singlet-triplet 7, measured in Si/SiGe and Si/SiO,
and an order of magnitude longer than their 7, reported at such low
magnetic field*s*.

The BLG double quantum dots studied here are defined by elec-
trostatic gating in the sample shown in Fig. 1a (for details on sample
fabrication and quantum dot tuning, see Methods). In one channel,
we define the two quantum dots L and R underneath their respective
plunger gates (dark red) with voltages V, and V;. The dot-lead and
interdot tunnel couplings are controlled individually by the left, right
and middle barrier gate (light red) voltages V|5 g and Vg, respectively.
Separated by adepletionregion, athird quantum dot (labelled ‘detec-
tor’ in Fig. 1a) formed in the neighbouring channel is controlled by
the middle and right plunger-gate (blue) voltages V;,, and V. This
dot serves as a charge sensor, as it is capacitively coupled to dots L
and R, more strongly to the left than to the right dot. A change in the
double-dot charge configuration constitutes a discrete change of the
electrostatic environment of the sensor dot, giving rise toastepin V,,,
the voltage measured across the detection channel when applying a
constant current bias?. The sensor dot is tuned to be at the rising or
falling edge of aconductance resonance for optimized sensitivity and
detection bandwidth?.

We tune the double dot to the previously studied” two-electron
configuration near the (1, 1)-(0, 2) charge degeneracy, where (N, Ny)
labels the number of electronsintheleft and in the right dot. Withlong
integration time (20 ms) in the detector circuit, the relevant charge
states manifest themselves as discrete values of V,,, as shown in the
charge stability map (Fig. 1b). All four charge states (1, 1), (0, 2), (0, 1)
and (1, 2) canbe clearly distinguished. For single-shot readout, we fix V;
and Vi toan operating point and apply voltage pulses V,, ., and Ve
to the left and the right plunger gates (see Fig. 1a for the schematic
circuit). We collect real-time data during the pulsed experiments ata
sampling rate of 27.5 kHz.

Figure 1b,c depicts the readout protocol for measuring inelastic
relaxations between (1,1) and (0, 2) states. Before describing which
quantum states are addressed in the two charge configurations, we
first discuss this protocol as an example to explain our general meas-
urement scheme. Starting at the unload point U with a (0, 1) state, we
firstpreparea(l, 1) state by pulsing from U to the load (L) configuration
withintime¢,, whichis muchlonger thanthe dot-lead tunnelling time,
so thatan electron can tunnel into the left dot with high fidelity while
the (0, 2) level remains above the Fermi energy of the leads. We then
pulse to an anchor point (A), where both the (1, 1) and the (0, 2) states
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Fig.1| Pulse protocol used to determine spin and valley relaxation times.

a, False-colour atomic force microscopic image of the device. The double
quantum dot is formed underneath gates L and R (dark red), with tunable tunnel
barrier gates (light red). In the other channel, adetector quantum dot with the
middle and right detector plunger gates DM and DR is capacitively coupled to

the double quantum dots and serves as a charge sensor. b, Charge stability map
probed with detector signal V,, measured across the current-biased detector
channel, around the (1,1)-(0, 2) charge transition. Axes of total energy € and
energy detuning 6 are marked. The dashed square with aside length of 8 mV marks
the experimentally accessible pulse window, limited by the amplitude of the pulse
generator. ¢, Spinand valley pulsing protocol for (1,1) > (0, 2) with corresponding
exemplary time traces. The gate position for each phase is marked in b. Starting
fromthe (0, 1) state in unload (U), we pulse to the load position (L) slower than the
dot-lead tunnel rate to prepare a (1, 1) state. We then pulse to the anchor point (A)
slower than the line-bandwidth of the order of 100 ps, before pulsing to the read
location (R). In the read phase, the system s energetically preferred to transfer

to (0, 2), butis forbidden to do so by mismatching quantum numbers between
triplet (1,1)T and singlet (0, 2)S, unless a relaxation event occurs (indicated by
purple arrows in the time traces). d, Characteristic spin and valley relaxation times
T,measured at perpendicular magnetic field B, =250 mT along the § axis. Valley
T,values exceeding 500 ms are measured, much longer than the measured spin
T,~10 ms. Error bars correspond to the standard deviation of the calculated ;.
The star marks measurements with aread time of 1.5 s.

arewellbelow the Fermienergyintheleads, with (1, 1) remainingin the
ground state. Subsequently, we pulse quickly (bandwidth-limited to the
order of 10 kHz) to the read position (R), where the (0, 2) state is lower
in energy than (1, 1). The electron in the left dot is now energetically
allowed torelaxinto theright dot while releasingits excess energy into
the environment. We wait at this position for atime ¢; before returning
to the unload point U. An inelastic transition between the (1,1) and
the (0, 2) state happening within the time interval ¢z is detected inreal
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Fig. 2| Probability of occupationin (0, 2) and (1, 1) states during the read
phase and schematics showing the relevant states and transitions.

a, Probability (left) and transitions (right) for pulsing from (1,1) > (0, 2) at

B, =250 mT, while loading and anchoring atlocation L. For (1,1) > (0, 2) at

B, =250 mT, the strong valley blockade from (1, 1)T; T; to the valley-mismatched
ground state (0, 2)T; S, isreplaced by the weaker spin blockade to the spin-
mismatched excited state (0, 2)S,T; at [ii]. (The green and brown symbols label
regions of valley and spin blockade, respectively, shown by the low occupation
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probability of the target states shown in the dark blue of the probability

scale. Dashed lines indicate relevant state alignments. For the rest of the
measurements, loading is performed atlocation L and anchoringatA.) b, Asina,
for pulsing from (0, 2) > (1,1) at 250 mT. (The parenthesized commentsinaapply
alsotob,candd.) ¢, Asina, for pulsing from (1,1) > (0,2) at B, =700 mT. At

B, =700 mT, the ground-state spin blockade cannot be lifted by the stronger
excited-state valley blockade at [i]. d, Asin ¢, for pulsing from (0, 2) > (1,1) at

B, =700 mT.

time. Figure 1c shows two exemplary time traces, with the inelastic
transitions occurring at different times (purple arrows). Repeating
this pulse sequence at least 10,000 times, we obtain the statistical
distribution of the inelastic relaxation times, from which we extract
the average relaxation time 7;. Asimilar scheme with pointsLand Ain
the (0, 2) and Rinthe (1, 1) region is applied for pulsing from an initial
(0, 2) into the (1, 1) charge configuration for measuring the T; time of
(0,2) > (1,1) transitions.

To select the specific quantum states between which we wish to
measure the T, time, we apply a magnetic field perpendicular to the
graphene plane’>?>*°*" and study the relaxation between
Pauli-blockaded valley and spin states at B, =250 mT and 700 mT,
respectively.Inboth cases, the lowest-energy (1, 1) states are valley-and
spin-polarized (valley-triplet T; and spin-triplet T; state).

At B, =250 mT, the (0, 2) ground state is a valley-singlet S,
spin-triplet state T; the (1, 1) < (0, 2) transitions are therefore valley
blockaded. At B, =700 mT, the (0, 2) ground state has turned into a
valley-polarized (valley-triplet T;) spin-singlet state, such that the
(1,1) < (0, 2) transitions are spin blockaded.

Figure 1d shows the main result of this paper for the T, times
measured at B, =250 mT as a function of detuning 6 of the read
position R from the charge transition line (orientation of the 6 axis
marked in Fig. 1b). At sufficiently small detuning —250 < § < 420 peV,
avalleyflipisrequired tolift the valley blockade, so that the resulting
T,times can beidentified with the valley relaxation time. We observe
exceptionally long relaxation times of 7; > 500 ms, demonstrat-
ing that the valley states are remarkably long-lived in this double
quantum dot system. This suggests that valley flips are suppressed
within the dot and also during tunnelling, indicating that valley
states are highly suitable for qubit operation. At § <-250 peV, the
(0, 2) excited state with valley-triplet spin-singlet character is lower
in energy than the (1, 1) ground state and the valley blockade can
therefore be circumvented with a spin-flip transition to this state. In
this regime, we measure the spin-relaxation time 7, <25 ms, which
is an order of magnitude shorter than the valley relaxation time,
but still comparable with values observed in other semiconductor

quantum dot systems and sufficiently long for high-fidelity qubit
operation and readout.

As an illustration of the details that lead to and go beyond the
results presentedin Fig.1d, we show in Fig. 2 data obtained from pulse
cycles at B, =250 mT and 700 mT. We pulsed during the load phase
from U deep into a,c the (1, 1) or b,d the (0, 2) configurations at loca-
tions L’ (marked in Fig. 2) loading predominantly the respective ground
states. Then, fixing Uand L’ and anchoringatL’, weraster-scanned the
read configuration R over the region marked with the dashed squarein
Fig.1bandrepeated atleast 50 pulse cycles for each point. The V. sig-
nalaveraged over the read time ¢ and over all the pulse cycles reflects
the probabilities P, (Fig. 2a,c) and P, (Fig. 2b,d) at R***~. The resulting
normalized probability maps are showninFig.2a,bforB, =250 mT and
Fig.2c,dfor B, =700 mT.Foradetailed description of the relevant (1, 1)
and (0, 2) states involved and their evolution in the magnetic field B,
see Supplementary Information section A.

At B, =250 mT (Fig. 1d and 2a,b), the (0, 2) ground state is the
valley-singlet spin-triplet T S,. The bundle of (1, 1) states (containing
all spin-triplet and -singlet states, split off by the Zeeman energy and
zero field spin-orbit splitting (4s,)) with polarized valleys Ty is lower
inenergy than the bundle of (1,1)S,/T? by g,u;B,, where i is the Bohr
magneton and g,, approximately 20, is the dot-geometry-dependent
valley g-factor, as the energies of the valley states couple to a perpen-
dicular magnetic field, similar to the Zeeman effect for spins. Thus, in
Fig. 2a, a strongly blockaded region (green label) is observed for
(1,1)~ (0, 2), where the system remains mostly in (1, 1) T, during reading
(26 ms), since its transition [i] to the ground state (0, 2)S, is valley
blockaded. At large enough |6|, when the (0,2)S,T; excited state
becomes accessible, the spin-blockaded transition [ii] to this state can
circumvent the valley-blockaded transition [i] at the cost of a spin-flip.
Because the valley-blockaded region (green label) is lifted by spin
blockade (brown label) on transition [ii] with shorter yet still finite
relaxation time, we conclude that spin flips occur more frequently than
valley flips. The (0, 2) excited state, with matching quantum numbers
T, T, and able to lift both spin and valley blockade, occurs at much
higher energies*’. Astrongly blockaded region (green label in Fig. 2b)
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is also observed for (0, 2) > (1, 1), since transition [i’] from the (O, 2)
ground state S, to the (1, 1) ground state T is valley blockaded. This
blockade is completely lifted at large enough || at [iii’], giving access
to the excited state (1,1)T; S, with matching quantum numbers. We
observe valley blockade stemming from the same set of states and
transitions at even lower magnetic field, as low as at B, =20 mT (see
Supplementary Information section C).

With this scenario in mind, we move to B, =700 mT (Fig. 2c,d),
where the (0, 2) ground state changes to (0,2)S;T;, due to T, being
lowered inenergy by the coupling of the valleys to B,. The[i] valley-and
[ii] spin-blockaded transitions thus reverse their order in energy rela-
tivetothescenarioat B, =250 mT.InFig. 2c, the transition [ii] fromthe
loaded (1, 1)T; T, to the spin-mismatched ground state (0, 2)S; T, gives
risetoaspin-blockaded region (brownlabel). Resonance[i] at finite ||
appears, since the now excited valley-mismatched state (0,2)T; S, is
accessiblein energy. However, unlike at B, =250 mT, this excited state
doesnotlift the spinblockade, since valley flips occur more slowly than
spin flips. The spin-blockaded region (brown label) in Fig. 2d is much
smaller for (0, 2) > (1, 1), because the (0, 2) ground state TS, is spin
blockaded and cannot proceed to the ground state (1,1)T; Ty until
access totheexcited state (1, 1)S, Ty, lifts the spin blockade completely
at[iv’], gupB, + 450 away in |6], where g, =2 is the spin g-factor and
Ago = 60 peV is the zero-field Kane-Mele splitting™*.

For the quantitative measurement of T, times, we choose load
locations L inthe probability mapsin Fig. 2a that only load the respec-
tive ground states while avoiding the excited states. We choose unload
andloadtimes¢;and ¢, tobelongerthanthe dot-lead tunnellingrate;
we choosethetimet,spentatthe anchor point Atobelongerthanthe
rise time of our pulse lines at the order of 100 ps; and we choose read
time tyto be reasonably long compared to the probed relaxation times.
Examples of time traces for (1,1) > (0, 2) spin relaxation at 700 mT (at
&=-180 peV, marked by an arrow in Fig. 4b) are shown in Fig. 3a, left,
with t; =100 ms, where registered relaxation events are indicated by
arrows. We show the distribution of relaxation times for 10,000
repeated pulse cyclesinFig.3b, left, plotted on alogarithmic scale; this
distribution is well described by an exponential decay e~%/"1, with T,
beingthe characteristic spin-relaxation time. To extract 7;, we perform
a Bayesian analysis based on the exponential model e=/71 using the
average relaxation time (¢) within the read-time interval [¢,, ¢,] as the
relevant statistics. The finite read-time interval removes events occur-
ring before the detection read-window opens at ¢, and those after ¢,
the end of the read-window, with the detection window subtracted (see
Methods for a detailed explanation of the analysis performed). The
dataasextracted by thismethod are well fitted by an exponential decay
with T,=34 +1ms.

Thelong-lived valley states are found for (1, 1) - (0, 2) by measur-
ing valley relaxation at B, =250 mT (at 6 = -100 peV, marked by an
arrow in Fig. 4a) with read time ¢; =1.5 s, much longer than that for
spin relaxation, to capture most relaxation events within the readout
window. Examples of time traces are shown in Fig. 3a, right, with the
distribution of 10,000 repeated pulse cycles plotted in Fig. 3b, right.
The valley-relaxation dataare also well fitted by an exponential decay,
evaluating to a characteristic valley-relaxation time of 7, =354 + 5ms,
in this example.

We now evaluate quantitatively the valley and spin readout fideli-
tiesinour experiment. We prepare (1,1)T- with a probability of roughly
50% at the beginning of the read phase. when plotting histograms of
detector voltage V4., during the read phase, well-separated peaks cor-
responding to (1,1) and (0, 2) charge states are seen, as shown in
Fig. 3c,e. We follow the framework introduced in Barthel et al.** to
model the distribution that includes the effect of a finite relaxation
time 7; and find an overall fidelity of 99.9727(17)% for the valleys. The
shoulder in the lower histogram peak in Fig. 3c results from charge
instabilities close to the detector influencingits asymmetry sensitivity
and thus shifting both the spin singlet and triplet levels with respect
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Fig.3 | Extracting characteristic relaxation times T, of spins and valleys for

1, DT > (0, 2)S.a,Exemplary time traces with arrows marking relaxation
events for spins on the left and for valleys on the right. b, Distribution of
relaxation times for 10 000 pulse cycles, with T, calculated by solving for the
ansatz e~“/Tiwith average relaxation time (t). Error bars correspond to the
standard deviation of the binomial distribution of the number of counts.

¢, Distribution of V. during the first 1 ms of the read phase. The (1,1)T" probability
atthe beginning of the read phase is roughly 50%. To describe the distribution, we
follow ref. 43 to include the finite relaxation time during the read phase. We
evaluate the two singlet peaks individually with us; = -8.54 pV, 05, =1.14 pv,
Hs,=-5.07pV,05,=0.99 1V, pir—- ; = —0.64 1V, o1 ; = 0.53uV, 7,=34 msand

Ty =1ms.d, Measured infidelity as a function of the integration time ¢,,. of the
read phase. For longintegration times the relaxation lowers the fidelity. We find
an overall maximum fidelity of 99.80% for spins (lower bound) and 99.97% for
valleys. Shaded regions of each line indicate one standard deviation. e, Asin ¢, for
valleys. We find us=-4.11uV, 65=0.47 1V, pur— ; = —0.15pV, or- ; = 0.34 Vv,
T,=354 msand 1,,=1ms. The spin data (cleft) is acquired at B, =700 mT, the
valley data (right) at B, =250 mT, for detuning values marked by arrows in Fig. 4,
whileloading at L as marked in Fig. 2 to ensure loading of the (1, 1) ground state
and anchoringatA.

to zero, but by a different amount (see Supplementary Information
section D). The charge instability could be avoided by more accurate
tuning. We calculate the model function for each singlet peak using
themean and variance of a Gaussian fit to extract lower bounds for the
fidelity of 99.9033(18)% (solid) and 99.80(3)% (dashed) for the spins.
We plotthe evolution of the infidelity with the length of the considered
read phase in Fig. 3d and find that our signal-to-noise ratio does not
need improvement to obtain higher fidelity, but that the finite relaxa-
tion time T, limits the fidelity, which decreases for longer ¢, for both
spinsand valleys. The decrease of fidelity with ¢;,. occurs more quickly
for spins, due tothe shorter 7;.

The characteristic relaxation times T, of valley and spin states
were measured as a function of detuning 6 (see Fig. 1b) by repeating
the procedure described above. For valley relaxation, we chose a read
time of t; =140 ms for shorter measurements and compensated the
shorterread time by acquiring many more samples, 36,000 pulse cycles
instead 0f 10,000 (see Methods for amore detailed discussion on this
approach). The results are summarized in Fig. 4. The blue star marks
the single measurement with longer read time in the valley-blockaded
regime presented in Fig. 3. It matches well with the T; extracted from
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shorter measurements. We see clearly a drop of the apparent T, time
by roughly an order of magnitude because the detuning causes a
change fromvalley tospinblockade at § = -240 peV, for transition [ii]in
Fig. 2a. Both spin and valley T, times show complex behaviour as a
function of detuning. Our findings align with a similar trend of
non-monotonic detuning dependence that was highlighted in ref. 36.
It is important to note that the detuning range under scrutiny in our
researchissubstantialy offset fromthe (2, 1) and (1, 0) charge states. This
implies that thermal relaxation may not be the primary factor at play. We
attribute the dipsin relaxation time partially to the coupling to excited
states transitioning fromthe (1, 1) triplet to the (0, 2) charge state. These
distinct peaks of increased relaxation, or hotspots, correspond to situ-
ations of maximal overlap between these states. Insuch cases, phonon
interactions facilitate the process, pushing the relaxation times toward a
minimum. When moving away from these anti-crossings, the relaxation
time exhibits arecovery to its maximum values.

We also adjusted the strength of the tunnel coupling between the
quantum dots to probe its influence on the measured spin and valley
relaxation rates. Any such dependence potentially contains informa-
tionrelevant tofuture research to identify the relaxation mechanisms.
Figure 4a,b shows measured relaxation times at B, =250 mT and
700 mT, respectively, as a function of detuning with 7; times plotted
onalogarithmicscale for two different voltages V,,; applied to the tun-
nel barrier gate between the two dots, resulting in stronger (red) and
weaker (blue) interdot coupling strength, but both within the overall
weak-coupling regime. Spin- and valley-blockaded regions are labelled
inaccordance with the discussion of Fig. 2, separated by transition [ii].
We mark by arrows in Fig. 4 the locations of § at which the examplesin
Fig. 3 are taken. We notice that the valley T, appears to be independ-
ent of interdot coupling, whereas the spin T, decreases consistently
at both 250 mT and 700 mT by an order of magnitude from around
30 ms to 1 ms for stronger interdot coupling. This observation indi-
cates that the mechanisms assisting spin relaxation evidently depend
on interdot tunnelling, potentially hinting toward the involvement of
momentum-dependent spin-orbitinteractions*. For valley relaxation,
suchmechanisms are clearly not the main contributors. Despite the shift
of excited-state resonances due to the spin- and valley-state coupling to
B,,nonotableinfluence of B, onthe measured T, times can be concluded
(for more details, see Supplementary Information section E).

We probe the coupling of resonant (1, 1) and (O, 2) states in the
spiritof Landau-Zener tunnelling experiments. In Fig. 2, peaks of prob-
abilities are seen when states alignin energy (marked by dashes), indi-
cating finite coupling between the aligned states, which lifts the Pauli
blockade. For the data presentedin Figs. 1-4, we have pulsed from the
anchor point A to the read position R as fast as permitted by our
line-bandwidth, onthe order of 10 kHz permit. In further experiments,
we altered the transit time from A to R while keeping the read position
R constant, thereby varying the energy sweep rate v. We repeated the
procedure for 2,000 pulse cycles at each sweep rate and registered
events where transfer from (1, 1) to (0, 2) happens diabatically. In
Fig. 5a,c, the probability distribution Py, of retaining (1, )T after
passing through the avoided crossingis plotted onalogarithmicscale
against 1/v for the two magnetic fields, Fig. 5a showing results at
B, =250 mT and Fig. 5c the results at B, =700 mT, probing valley and
spinblockade, respectively. The same experiment was performed for
stronger (red) and weaker (blue) interdot tunnel coupling. Inall cases,
the data are compatible with the exponential dependence
P,; = exp(—21A?/vh)predicted by the Landau-Zener formula, where
24 is the minimum energy splitting between the states. In agreement
withthe datashowninFig. 4, intervalley coupling appears to beinsensi-
tive to the interdot tunnel coupling, whereas spin coupling clearly
increases for stronger interdot tunnel coupling.

For a quantitative analysis of the data, welook at the level schemes
depicted in Fig. 5b,d. Here, the relevant (1, 1) triplet states marked in
black and the (0, 2) singlet states in green (valley singlets) or brown
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Fig.4 |Spin and valley T, times with weaker and stronger interdot couplings.
a, Spin and valley T, measured along the § axis at BL = 250 mT, with weaker (blue)
and stronger (red) interdot couplings. Error bars (frequently within the data
marker) correspond to the standard deviation of the calculated 7,. The star marks
measurements with read time of 1.5s. b, As fora, withBL =700 mT.Inaandb,
spin-and valley-blockaded regions are labelled, with transition [ii] separating
the two regions. When the electrochemical levels in the two dots are aligned, we
observeadipinT,.

(spinsinglets). At B, =250 mT, the initial state at point A belongstoa
state of the (1, 1)T; bundle (seeinset of Fig. 5b), while the resulting state
at point Ris in the same (1, 1) bundle or in the (0, 2) bundle of states
(greeninFig. 5b). The measured probability distribution P is there-
fore a ‘bundle’ distribution potentially giving the coupling between
the two crossing state bundles of distinct valley character. By contrast,
at B, =700 mT, the distribution refers to the coupling between two
distinct spin states, (1,1)T; T, and (0, 2)S,T; . We also note that all dis-
tributionsin Fig. 5a,c seemto be double exponentials, with afast decay
rate at very small 1/v and a slower rate at larger 1/v (separated in the
figure by verticalllines). To obtain a naive estimate of the energy scales
for the coupling of the involved states, we apply the Landau-Zener
formulatoboth the fastand slow decay inall four traces. For the inter-
valley coupling 4 at B, =250 mT, we find the values1.5 neVand 1.2 neV
for weaker (blue in Fig. 5), and 1.6 neV and 1.2 neV for stronger (red)
tunnel coupling (the two values corresponding to the two slopes of the
double exponential). At B, =700 mT for spinstates, we find 5.3 neV and
3.0 neV for weaker (blue) and 7.6 neV and 4.8 neV for stronger (red)
interdot tunnel coupling. These values correspond to time scales /i/4
ofthe order of afew hundred nanoseconds. For spins, the same meas-
urement technique* gave a gap size of 60 neV for gallium arsenide*®
and 113 neV for silicon®’.

The double-exponential decay could arise from contributions
of inelastic 7; decay during the transit from point AtoR, as well as the
coherent Landau-Zener physicsaccounted for by the transition prob-
ability P,,. This scenariowould tend to invalidate our naive application
of the Landau-Zener formula and make a more involved, possibly
incoherent analysis necessary***’, Furthermore, the energy scales
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Fig. 5| Probing the triplet T singlet S coupling 4 for valleys and spins using

the Landau-Zener non-adiabatic transition probability P 7 =e(-2ma%/vh),
a, The probability of non-adiabatic retention of the (1, 1) state Py, at

B, =250 mT, starting from point Awith (1, 1)T"and after passing through the
anti-crossing at various energy sweep rates v, adjusted by fixing the read position
and altering the pulse time. b, Energy diagram of relevant (1, 1) and (0, 2) states
correspondingtoeventsina.c,Asina,atB, =700 mT.d, Energy diagram of
relevant (1,1) and (0, 2) states corresponding to eventsin c. For the data
presentedinaand c, 2,000 pulse cycles were performed for each sweep rate.
The data points shown in transparent colour are excluded from the fit.

Error bars correspond to the standard deviation of the binomial probability
density distribution.

we extracted are extremely small, of the order of nanoelectronvolts,
afactor of1,000 smaller than the temperature of the experiment. One
might therefore expect that interactions of the electronic states with
other degrees of freedom in the device become relevant, with virtual
transitions, phonons or charge noise being among the most obvious
candidates. We therefore regard the extracted coupling values as upper
bounds for the true ‘intrinsic’ values. The experimental evidence of
an exponential dependence on 1/v remains a robust outcome of our
experiment.

The spin T, times of up to 60 ms in our experiments compare
well with recent experiments on single quantum dots using the Elzer-
man readout®. The impressively lengthy valley T, times of more than
500 ms, which we show to be robust against interdot tunnel coupling,
openupinteresting avenues for exploiting valley physics, and, together
with the widely tunable valley g-factor, offer experimental schemes for
electrically and coherently driven valley qubits. Our work raises the
question of how valley qubits can be manipulated by experimentally
accessible parameters. That the K-valleys are good quantum numbers
relies onthe translationalinvariance of the crystal. The electronic wave
function in our dots extends over approximately 50 nm, comprising
some 400 lattice constants; this means that translational invariance
remains a good concept. As layers get thinner, especially the insulat-
ing hBN layers, and gate geometries smaller, it is conceivable that
graphene quantum dots may be created that are much smaller and tun-
ableinsize, possibly allowing gate manipulation of the valley degrees
of freedom. A practical concept for operation and coherent control
of valley qubits in graphene requires a better understanding of the
mechanisms limiting the valley (and spin) T; times as observed in our
experiments. The next experimental steps will include measurements
with radio frequency pulse lines, to observe T,, the dephasing time—
another crucial timescale for qubit operation—and of coherent valley
oscillations in real time.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-023-02334-7.
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Methods

Sample geometry

The same device has been used before for the measurement of
spin-relaxation timesinref. 26 and the evaluation of the full counting
statisticsin ref. 24. The fabrication of the van der Waals heterostructure
follows the general procedure described in previous publications™>*°.
Stacked with the dry-transfer technique®, it lies on a silicon chip with
280 nm surface SiO,. Frombottom to top, it is built up with a graphite
back gate, a bottom hBN flake (31 nm) and a bilayer graphene flake
capped with a top hBN flake (20 nm). The split gates (5 nm Cr and
20 nm Au) form two channels with a nominal width of 100 nm, with a
separation gate of 150 nm width between them. The finger gates (5 nm
Crand 20 nm Au) have awidth of 20 nm and a centre-to-centre distance
of 85 nm. We use an aluminium oxide layer (30 nm) to separate the
finger-gate layer from the split gates. Figure 1a shows a false-colour
atomic force microscope image of the two layers of metal gates fabri-
cated ontop of the heterostructure. The split gates (dark grey) are used
to form two conducting channels (black)*. For the measurements dis-
cussedin this paper, we use two finger gates (blue) to define aquantum
dotbased onap-njunction””in the lower channel, which we utilize as
acharge detector™. Inthe second channel we define two quantum dots
below the gates marked in dark red colour and use the neighbouring
gates (light red) to tune the tunnel coupling of the quantum dots to
theleads and the interdot coupling®". All other gates are grounded.

Experimental setup
The sample is mounted in a dilution refrigerator with a nominal base
temperature of 10 mK; in previous measurements, we extracted an
electronic temperature of 50 mK in the same device and setup®. The
detector dotis biased witha constant current of 10 pA using alow noise
differential amplifier® and the voltage signal V. is measured with a
detector bandwidth of about1kHz and sampled at arate of 27.5 kHz.
The d.c. voltage V|, tuning the left (right) dot is combined with
the pulse V5.1 Via two resistors at room temperature. The pulse
lines to the sample have arise time of 120 ps. The pulse sampling rate
to generate the analogue pulse signal is 219.72 kHz.

Determination of T;

The finite memory of our arbitrary waveform generator limits our
maximum read time to ¢; = 140 ms. For the measurement presented in
Fig.3b, we choose apointindetuning, where we can set the read position
to a point corresponding to applying V,s..r = 0, that is, at the centre
of the pulse window. This allows us to turn off the arbitrary waveform
generator at the end of the pulse sequence and reach an arbitrarily long
read phase. Thisapproachis only possible for data points withinasmall
range of detuning, because otherwise setting the centre of the pulse
window at the read position means that the load and unload positions
fall out of the pulse window. With this method, we choose aread phase of
tx=1.5s,muchlonger thantheextracted 7, = 354 + 5 ms at this point. This
allows us to confirm the exponential distribution of relaxation events.

For any other data presented here, the length ¢; of the read phase
is not necessarily much longer than the relaxation time T;, so we can-
notestimate 7, = (¢) todescribe the exponential decay. Instead, we use
Bayes’ theorem to find the posterior distribution function of y =1/T;
giventhe dataand evaluate its maximum for estimating 7, and its width
for estimating the uncertainty of T,.

Weselectall time traces that show atransitionin the timeinterval
[tmin> Emax , Where tin = 1ms and ¢, = tg — 1 ms.Thetimeintervaloflms
corresponds to the detector rise time. All the remaining traces are
discarded, because they are either traces withinitial decays and hence
wrong initialization, or traces without a decay within ¢;. The model
distributionis then

pdf() = %V)e‘”y 1

withy > 0. The normalization constant is given by the condition

s t,
mon 1 [
df(e)de = =~ eMyde =1
ft pdf(e) aw ), ¥

and therefore

Lmax
aly) = f e Vydt = e Vimin — @ Vlmax,
2

‘min

From the sequence of N experimental time traces, we obtain a
sequence of decay-time data of the form

D={t, t;, t3, ... , ty},

where Nis the number of traces that showed a decay between ¢,,;, and
tmax- The probability of measuring this specific dataset, if y is known
(thelikelihood of the dataset D) is

lI_V[ (Le_yt" thi>
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We now introduce the time average
1 N
=y ’;fi-

This allows us to write
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Using Bayes’ theorem, we find the posterior distribution of y, given a
specific dataset D:

pdf(y)prob@ly)
Jo. pdf(y)prob(D|y)dy

pdf(y|D) =

Asuitable non-informative prior for the scaling variable yis
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This is a distribution function for y with a sharp peak. The maximum
of this distribution function gives the most probable value for y, and
its width gives the associated uncertainty.
The denominator in the posterior distribution is a constant. The
numerator is a function of y, which we define to be
h(y) = W o,

a)"

Finding the maximum of the posterior probability density functionin
equation (2) amounts to finding the maximum of A(y). Numerically,
this is most conveniently done by realizing that the maximum of hA(y)
isalso the maximum of In(h(y)). We find

In(h(y)) = (N =1 Iny — NIn(a(y)) — yN(t;) .
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The maximum of this function is found by solving
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Data availability

Source data are provided with this paper. Other data supporting
the findings of this study are made available via the ETH Research
Collection®.
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