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The valley degree of freedom is intrinsic to spin qubits in Si/SiGe quantum dots. It has been
viewed alternately as a hazard, especially when the lowest valley-orbit splitting is small compared
to the thermal energy, or as an asset, most prominently in proposals to use the valley degree of
freedom itself as a qubit. Here we present experiments in which microwave electric field driving
induces transitions between both valley-orbit and spin states. We show that this system is highly
nonlinear and can be understood through the use of dressed photon-orbital states, enabling a unified
understanding of the six microwave resonance lines we observe. Some of these resonances are inter-
valley spin transitions that arise from a non-adiabatic process in which both the valley and the spin
degree of freedom are excited simultaneously. For these transitions, involving a change in valley-
orbit state, we find a tenfold increase in sensitivity to electric fields and electrical noise compared
to pure spin transitions, strongly reducing the phase coherence when changes in valley-orbit index
are incurred. In contrast to this non-adiabtaic transition, the pure spin transitions, whether arising
from harmonic or subharmonic generation, are shown to be adiabatic in the orbital sector. The non-
linearity of the system is most strikingly manifest in the observation of a dynamical anti-crossing
between a spin-flip, inter-valley transition and a three-photon transition enabled by the strong
nonlinearity we find in this seemly simple system.

A spin-1/2 particle is the canonical two-level quan-
tum system. Its energy level structure is extremely sim-
ple, consisting of just the spin-up and spin-down levels.
Therefore, when performing spectroscopy on an elemen-
tary spin-1/2 particle such as an electron spin, only a
single resonance is expected corresponding to the energy
separation between the two levels.

Recent measurements have shown that the spectro-
scopic response of a single electron spin in a quantum
dot can be much more complex than this simple picture
suggests. This is particularly true when using electric-
dipole spin resonance, where an oscillating electric field
couples to the spin via spin-orbit coupling [1]. First, due
to non-linearities in the response to oscillating driving
fields, subharmonics can be observed [2-7], and the non-
linear response can even be exploited for driving coherent
spin rotations [8]. Second, due to spin-orbit coupling,
the exact electron spin resonance frequency in a given
magnetic field depends on the orbital the electron oc-
cupies [9]. In silicon or germanium quantum dots, the
conduction band valley is an additional degree of free-
dom [10-14], and the electron spin resonance frequency
should depend on the valley state as well [14-19]. As a
result, when valley or orbital energy splittings are com-
parable to or smaller than the thermal energy, thermal
occupation of the respective levels leads to the observa-
tion of multiple closely spaced spin resonance frequencies
[17].

The picture becomes even richer when considering
transitions in which not only the spin state but also the
orbital quantum number changes. Such phenomena are
common in optically active dots [20], but have been ob-
served also in electrostatically defined (double) quantum
dots in the form of relaxation from spin triplet to spin
singlet states [21, 22] and spin-flip photon-assisted tun-
neling [23, 24]. However, that work is all in semicon-
ductor quantum dots with no valley degree of freedom,
and the degree to which valleys -often treated as weakly
coupled to each other and orbital states-couple to each
other to enable microwave-driven transitions that change
spin has not been explored. Furthermore, the investiga-
tion of resonant transitions involving the valley degree
of freedom is very important in the context of the new
qubit architecture recently proposed for Si quantum dots
[25], based on the valley degree of freedom to encode and
process quantum information.

Here, we report transitions where both the spin and
valley-orbit state flip in a Si/SiGe quantum dot. We
demonstrate that we can Stark shift the transitions, and
we compare the sensitivity to electric fields to the case of
pure spin transitions, including the impact on phase co-
herence. We find that the valley-orbit coupling strongly
affects the coherence properties of the inter-valley spin
resonances. We show that a theory incorporating a
driven four-level system comprised of two valley-orbit
and two spin states subject to strong ac driving provides



a consistent description of these transitions, as well as
all the previously reported transitions for this system.
This theory also explains the observation of a dynamical
level repulsion, which can be understood effectively and
compactly using a dressed-state formalism.

DEVICE AND SPECTROSCOPIC
MEASUREMENTS

The device used for this experiment has been de-
scribed in [17] (see Fig. S3). Tt is based on an undoped
Si/SiGe heterostructure with two layers of electrostatic
gates. Two accumulation gates are used to induce a
two-dimensional electron gas (2DEG) in a 12 nm wide
Si quantum well 37 nm below the surface and a set of
depletion gates is used to form a single quantum dot in
the 2DEG, and a charge sensor next to this dot. The
dot is tuned so it is occupied by just one electron. Two
micromagnets placed on top of the accumulation gates
produce a local magnetic field gradient. The sample is
attached to the mixing chamber of a dilution refrigerator
with base temperature ~25 mK and an electron temper-
ature estimated from transport measurements of ~150
mK. For the present gate voltage configuration, the val-
ley splitting, Fy g, is comparable to the thermal energy,
kpTe.

Microwave excitation applied to one of the gates os-
cillates the electron wave function back and forth in the
dot, roughly along the x axis (Fig. S3). Because of the
local magnetic field gradient dB, /dz ~0.3 mT /nm [17],
where B is the component of the micromagnet field gra-
dient perpendicular to the static magnetic field B.,;, the
electron is then subject to an oscillating magnetic field
[26, 27] and electron spin transitions can be induced when
the excitation is resonant with the spin splitting. The
spin-up probability P; in response to the microwave ex-
citation is measured by repeated single-shot cycles (see
section ITL.A of the Supplemental Material for details).
The initialization and read-out procedures require a Zee-
man splitting exceeding kpT,;, which here restricts us to
working at By, > 450 mT.

When varying the applied microwave frequency and ex-
ternal magnetic field, we observe six distinct resonance
peaks [see Fig. 1(a)][28]. The two resonances labeled (1)
and (2), not resolved on this scale, are two intra-valley
spin resonances, one for each of the two lowest-lying val-
ley states that are thermally occupied [17]. They exhibit
a Ty ~ 1 ps and Rabi frequencies of order MHz. The
two resonances labeled (3) and (4), similarly not resolved,
arise from second harmonic driving of the two intra-valley
spin flip transitions. These transitions too can be driven
coherently, with Rabi frequencies comparable to those for
the fundamental harmonic, as we reported in [8].

We focus here on the resonances labeled (5) and (6) in
Fig. 1, which have not been discussed before. The fre-

quency of resonance (5), 55), is ~7 GHz lower than the
fundamental intra-valley spin resonance frequencies, fél)

and féQ). From the magnetic field dependence measured
above 500 mT, we extract a g-factor of about 1.971 +
0.002, close to but different from the g-factors for reso-
nances (1) and (2) (1.99 [17]). The line width (Fig. 3(a)
inset and Fig. S4) is almost ten times larger than that
for the intra-valley resonances, giving a correspondingly
shorter 75 of around 100 ns. Around 500 mT, resonance
(5) changes in a way reminiscent of level repulsions and
transitions into resonance (6) (see Fig. 1(b)). Without
the change in slope, resonance (5) would have crossed
resonances (3) and (4); however, the latter do not show
any sign of level repulsion and continue their linear de-
pendence on magnetic field.

We interpret these puzzling observations starting with
Fig. 1(d). Two sets of Zeeman split levels are seen, sepa-
rated by the energy of the first excited valley-orbit state.
The green (1) [(2)] and two blue (3) [(4)] arrows show
driving of spin transitions via the fundamental and sec-
ond harmonic respectively, for the valley-orbit ground
[excited] state. We identify resonance (5) with the tran-
sition indicated with the red arrow in which both spin
and valley(-orbit) flip. It has the same field dependence
as resonance (1), but (above 500 mT) it is offset from res-
onance (1) by a fixed amount, which as we can see from
Fig. 1(d), is a measure of the valley-orbit splitting, Fy .
Resonance (6) is a three photon process in which both
spin and valley-orbit states flip. As we discuss below,
hybridization between (5) and (6) is possible at magnetic
fields Byor = 2E¥= | for which the photons shown by the

9B
corresponding arrows in Fig. 1(d) have the same energy.

MODEL

We now introduce a simple model Hamiltonian that
can be used to understand the observed spectroscopic re-
sponse. This model explains the presence of both the first
and second harmonic driven spin resonance as well as the
observed inter-valley spin resonance. We show that res-
onances such as those observed in Fig. 1(a,b) are generic
features of a strongly driven four-level system composed
of two orbital levels and two spin levels in which there
is a coupling between the orbital levels, such as a tun-
nel coupling. For our case, it is natural to associate the
orbital levels with two different valley-orbit states (see
section I of the Supplemental Material for details).

Our analysis builds upon the theory proposed by
Rashba [29]. When a spin qubit is driven at a frequency
w, it responds at one or more frequencies €2, which may be
the same as w, but may also be different (see Fig. 2(a)).
Spin resonance is observed if (i) the spin is flipped [30],
and (ii) hQ) = Ez, where E; = gupBiot is the Zeeman
splitting, g is the Landé g-factor in silicon, up is the Bohr



—
Q
~
N
o

16 +

1.998 £0.002 %

o

o

o

x

i Evs

—
(=)
-~

i~7GHz 71.971+0.002
o’ i e

o

X o
N 0.999 + 0.002

Resonance frequency
oo
) .
Q
Resonance frequency
-]
@
=
<
)
[
N
(o]
Q
o
o

80'0 5é0
Biot (MT)

400 600

(c)

[v2)
EVS

[v1)

Energy
= [A%+ €2
Energy

Eos

[vil)
Btot

Evs
gHp

FIG. 1. (a) Multiple resonance frequencies as a function of the external magnetic field, observed for a single electron spin
confined in a gate-defined Si/SiGe quantum dot, driven by low-power microwave excitation applied to one of the quantum dot
gates. Resonances (1) and (2) are indistinguishable on this scale, as are resonances (3) and (4). On the horizontal axis, we plot
Biot = \/(BZ,; + B|)? + B2, with Bj ~ =120 mT and B1 ~ 50 mT the estimated components of the stray magnetic field from
the micromagnet [magnetized, in this measurement, along the x-direction (see Fig. S3)]. (b) Zoom-in of the region indicated
by a red box in panel (a). (c) Schematic energy level diagram of a generic two-level quantum system described by Eq. 1, as
a function of detuning e and with a harmonic driving of amplitude €; around the central value ¢y with energy eigenvalues F+
and energy splitting Fo1 = E+ — E—. (d) The four energy levels considered in this work as a function of Biot, in the absence
of photonic dressing, comprised of two valley-orbit states (|V1,2)) and two spin states (|}, 71)). Evs represents the valley-orbit
energy splitting. The vertical arrows labelled 1-6 correspond to 6 processes observed in our simulations and to excitations
observed in the experiment, with the same labeling scheme as panels (a) and (b). (1) and (2) correspond to single-photon spin
flips. (3) and (4) correspond to two-photon spin flips. (5) corresponds to a combined spin flip, valley-orbit excitation, and
single-photon absorption. (6) is also a combined spin-flip, valley-orbit excitation, between different states than (5), and is a
three-photon process. (7) is a nonadiabatic valley-orbit excitation; it is observed in simulations but not in the experiments,
because Fvs ~ kpTe, and therefore readout is ineffective.

magneton, and By, is the total magnetic field. In elec- been characterized.

tric dipole spin resonance (EDSR), the spin flip requires a
physical mechanism for the electric field to couple to the
spin, such as spin-orbit coupling [26]. In our experiment,
an effective spin-orbit coupling due to the strong mag-
netic field gradient from the micromagnet is the mech-
anism responsible for spin flips [17]. Hence, we can say
that EDSR and its associated spin dynamics provide a
tool for observing the mapping w — 2. However, as dis-
cussed in [29], EDSR does not determine the mapping;
determining the resonant frequencies {2 requires includ-
ing the essential non-linearity in the system, which in
this case resides in the orbital sector of the qubit Hamil-
tonian. We therefore focus on the dynamics of the orbital
sector of the Hamiltonian; the mechanism for spin flips is
included perturbatively after the charge dynamics have

The exact orbital Hamiltonian is difficult to write down
from first principles, since it likely involves both orbital
and valley components [17], and depends on the atomistic
details of the quantum well interface [10-12]. Nonethe-
less, the features of the resonances in Fig. 1 emerge quite
naturally using a model with one low-lying orbital ex-
cited state. Referring to Fig. 1(c), in this model, the
Hamiltonian for the orbital sector is described by a sim-
ple two-state Hamiltonian, which we write as

1
H= §(eaz + Aoy). (1)
Here, € is a detuning parameter, A is the tunnel coupling

between the generic basis states labeled |L) and |R), and
o, and o, are Pauli matrices. We consider a classical ac



(@) D p(t) " micromagnet N
V() ~si \
e . o sin(Q t) > W_, EDSR
~ sin(wt) — > B
w, 2w, 3w, Eo1/4, hQ = gup tot
(Q) e MO, .. wzEo1/h, ext B
2w=Eo1/n, ... I
., nwxEoi/n, ...
(b) (C) Po/Po,max
3 3 : : .
1
I / {1 ] (d)
"y (1.2 (8) (5) 16
3 ¥ '
P | 2f | B |
= .
g 4 (6) 3
g 1t (6) 105 o914
2 o’ / { (9,10) 2
Z% 1t e 11t Fil ‘ =)
e 1 1 1.2 ~ : :
Bl =1 | | Bol = | | 24 26 28 3 32
1 1 0 Response,
2 0 2 € 20 2 €
0 - ' : : 0 : ‘ : :
0 1 2 3 4 5 0 1 2 3 4 5
Response frequency, Q Response frequency, Q

FIG. 2. Theoretical calculations of resonances in an ac-driven qubit with a low-lying orbital state induced by adiabatic and
non-adiabatic processes. (a) Schematic illustrating that an excitation at driving frequency w leads to several adiabatic (non-
adiabatic) response frequencies of the electron dipole moment, p(Q2) = FFT[p(t)], listed in green (blue). The time-dependent
electron dipole moment in turn produces spin flips due to the magnetic field gradient when A2 matches the Zeeman splitting.
(b) Simulated resonance spectrum of the ac-driven qubit model of Egs. (1) and (2), setting & = 1. As described in the main
text, the dynamics of the dipole moment p(t), defined in Eq. (3), are solved in the time domain for the driving frequency w,
then Fourier transformed to obtain the response frequency 2. Here we use ¢g = ¢1 = A = 1. The dashed lines indicate the
positions of the fundamental resonance and its first two harmonics (top to bottom). The lower inset shows the relation between
the energy levels and the driving term. The upper inset shows the same results as the main panel, with the experimentally
relevant resonances highlighted (compare to Fig. 1). (¢) Resonance spectrum corresponding to the parameters g = A =1 and
€1 = 0.5. Here, the shaded region was normalized separately from the rest of the figure. The resonance features labeled 1-10
are discussed in the main text (see also sections I1.C and IL.B of Supplemental Material). (d) A blowup of the region shown
in the center box of panel (b), using the parameters A = ¢p = 1 and e; = 0.11, which gives good agreement with the level
repulsion observed in the experiments shown in Figs. 1(a) and 1(b).

drive, applied to the detuning parameter: the basis states are coupled by the applied electric field
because they have different spatial charge distributions,
€(t) = €0 + €1 sin(wt). (2)  and study the time evolution of the instantaneous dipole

moment of the ground state |0), defined as
If the quantum dot confinement were purely parabolic,
then changing the detuning would not affect the energy el
splitting between the eigenstates. However, any non- p(t) = — [|<1/)(1€)|L>|2 — [(W@®)|R) |. (3)
parabolicity in the dot, which is unavoidable in real de- 2
vices, will cause the energy splitting to depend on the Here, L is the distance between the charge in states |L)

detuning and will yield a nonlinear response to the driv-  and |R) [31]

ing term, Eq. 2. In our Hamiltonian, this effect enters via Rashba has studied Hamiltonian (1) perturbatively in

the tunnel coupling A, which causes the qubit frequency  the regime of weak driving and high excitation frequency

to depend on €(t). [29]. In sections I and II of the Supplemental Material,
Our goal is to determine the response of the two- we present a detailed exposition of our extensions of these

level system to this €(¢). We solve the time-dependent investigations into the strong driving regime relevant to
Schrédinger equation with the initial state ¢(t = 0) = [0)  resonances (5) and (6). We find that driving this tran-
representing the adiabatic ground state of Egs. (1) and sition involves non-adiabatic processes [32-34] whereby
(2) when t = 0, corresponding to ¢; = 0. We assume that the orbital state gets excited, in contrast to the subhar-
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FIG. 3. Sensitivity of intra-valley and inter-valley spin transitions to electric fields. (a) Measured resonance frequency for

the inter-valley ( (55) at BY,, =792 mT, blue data and axes) and intra-valley ( él) at BY,, =550 mT, red data and axes) spin
transition, as a function of gate voltage V2. Inset: low-power continuous wave response of the inter-valley spin transition, with
T3 estimated from the line width (see also Fig. S4). (b) Schematic representation of an atomic step in a Si/SiGe quantum
well and of a quantum dot parabolic confinement potential (not to scale) laterally offset from the step. (c) Valley-orbit energy
splitting found by a 2D tight binding calculation using the geometry shown in panel (b), a 13 nm wide quantum well barrier of
160 meV (corresponding to 30% Ge), a parabolic confinement potential for the dot of size y/(22) = 21.1 nm (corresponding to
an orbital energy splitting of Aiw = 0.45 meV), and an electric field of 1.5%10° V/m (the experimental electric field is not well
known). In the plots, a positive step offset corresponds to a step on the right-hand side of the dot. (d) Scatter plot showing two
quantities measured every 400 s. The x-axis shows the average rate, I'rn, with which an electron tunnels into the quantum dot
during qubit initialization (in orange in the inset); on the y-axis is the frequency of resonance (5) relative to its value averaged
over the entire measurement (see also Fig. S6). The continuous line represents a linear fit to the data through the point (0,0).
The dashed lines represent the 95% confidence interval. The distribution of the points in the scatter plot indicates that the

two quantities are correlated. BZ,, = 590 mT, BY , =

monics reported in [8], which as we show here involve
only adiabatic processes in the charge sector.

Here, we present the results of numerical simulations
in this regime and show that the results are consistent
with the main features observed experimentally. The dy-
namical simulations are performed by setting 7 = 1 and
solving the Schrodinger equation J[y)/0t = H|¢) for
Egs. (1) and (2) and computing p(t) as defined in Eq. (3)
for a fixed driving frequency w [35]. The resulting p(t)
is Fourier transformed, yielding a p(£2) whose peaks re-
flect the resonant response. Finally, we smooth p(Q) by
convolving it with a Gaussian of width 0.025 (in order to
take into account noise, which is averaged in the experi-
ment). Because of the spin-orbit coupling (the position-
dependent transverse magnetic field from the micro mag-
net), spin and orbital states hybridize, and peaks in p(Q2)
correspond to frequencies at which an ac magnetic field
is generated that is resonant with the Zeeman frequency,
Ez/h = Q, so spin flips will occur. The experiment mea-
sures the probability of a spin flip as a function of mag-
netic field; via the EDSR mechanism, resonances in this
probability therefore occur when the peak locations in
p(2) satisty gupBior = ASQ.

Figs. 2(b) and (c) show the results of our simulations

598.2 mT, Af{" =

") —15.68904 GHz, AT';x = I';x — 1.0762 kHz.

for p(92) as a function of both driving frequency w and re-
sponse frequency 2 over a range of parameters analogous
to those shown in Fig. 1. We discuss these transitions one
by one (see also section I.C of the Supplemental Mate-
rial). When driving at w leads to a response in the dipole
p(t) at a frequency  such that w = Q = Ez, a pure spin
transition is induced. This corresponds to the funda-
mental resonances (1,2). The first subharmonic response
occurs when w = Q/2 = Ey /2, which is the case of res-
onances (3,4). For the second subharmonic, resonances
(9,10), we have w = /3 = Ez /3. All the transitions dis-
cussed so far are adiabatic in the orbital sector. However,
transitions that are non-adiabatic in the orbital sector are
also allowed, i.e. transitions where an orbital excitation
is involved (in the experiment, this would correspond to
a valley excitation, the valley being the lowest energy
orbital-like excitation). First, Q = FEpy1, a pure orbital
excitation is induced (a pure valley transition with exci-
tation energy Ey g in the experiment), which is magnetic
field independent and occurs over a wide range of w. This
is transition (7) in Figs. 2(c). Next, resonance (5) runs
parallel to the fundamental resonance, with w = Q — Fp
and furthermore Q2 = Ez, so that w = Ez — Ep;. Thus
driving at frequency w induces a spin excitation and an



orbital (valley) de-excitation, see the double red arrow
in Fig. 1(d). We call this process inter-valley spin res-
onance. Finally, resonance (6), which runs parallel to
(9,10), is characterised by w = ©/3 + Ey1/3, again with
Q = Ez. Here, driving at w leads to a spin excitation and
an orbital excitation. The upper inset of Fig. 2(b) high-
lights the particular resonances in the main figure that
should be compared to the experimental data shown in
Fig. 1(a,b).

An interesting feature of the resonances, observed both
in the experiments and theory (Figs. 2(b-d)), is the ap-
parent ‘level repulsion’ between resonance lines (5) and
(6) that takes place near By, = 480 mT. This magnetic
field value is much higher than Eys/gup ~ Bior = 250
mT, where the anti-crossing between the states |vy, )
and |vg, 1) is expected to occur [15] (see the red dashed
line in Fig. 1(d)), but which is outside our measure-
ment window, see above. Instead the observed ‘level
repulsion’ has a purely dynamical origin, as demon-
strated by the fact that the anti-crossing is suppressed
in Fig. 2(c), where the simulation parameters are identi-
cal to Fig. 2(b), except for a smaller driving amplitude
€1.

In Sec. IT of the Supplemental Material, we develop a
dressed-state theory to describe these strong-driving ef-
fects. In this formalism, the quasiclassical driving field
of Eq. 2 is replaced by a fully quantum description of
the photon field and its coupling to the (valley)-orbital
Hamiltonian of the quantum dot. The resulting dressed
eigenstates describe the hybridized photon-orbital levels,
and more generally, the hybridization of orbital, photon,
and spin states. In this way, resonances (1) and (2) in
Fig. 2(c) correspond to single-photon spin flips, while res-
onances (3) and (4) correspond to two-photon spin flips.
Resonance (5) involves both a spin flip and a valley-orbit
excitation and is parallel to resonance (1,2), indicating
that it is a single-photon process. Resonance (6) is par-
allel to (9,10), indicating that it is a three-photon pro-
cess. The physical mechanisms of the resonances are also
indicated in Fig. 1(d).

In principle, coupling occurs between all of the dressed
states due to the effective spin-orbit coupling in our
EDSR experiment. In practice however, the orbital-Rabi
frequency is two orders of magnitude larger than the spin-
Rabi frequency, so mode hybridization is only observed
between resonance (5) and (6), resulting in the level
repulsion. The magnitude of this repulsion provides a
convenient way to determine the orbital-Rabi frequency,
which cannot be measured directly due to the fast de-
phasing of the excited valley-orbit state (see section III).
In Sec. IT of the Supplemental Material, we estimate this
Rabi frequency to be about 0.2 GHz.

COHERENCE OF THE INTER-VALLEY SPIN
TRANSITION

We now examine the possible origin of the ten times
larger line width of resonance (5) compared to that of the
pure spin-flip resonances (1) and (2). Given the partial
valley nature of transition (5) and the strong valley-orbit
coupling that is typical of Si/SiGe quantum dots [15, 16,
36], a plausible candidate decoherence mechanism for this
transition is electric field noise.

In order to study the sensitivity to electric fields of
the respective transitions, we show in Fig. 3(a) the de-
pendence of the frequency of resonances (1) and (5) on
the voltage applied to one of the quantum dot gates, V5.
Clearly, resonance (5) exhibits a much greater sensitiv-
ity to gate voltage than resonance (1): ~ 18.5 MHz/mV

for fé5), versus ~ 0.5 MHz/mV for él). We also notice
that the two resonance shifts as a function of V5 have
opposite sign, which indicates that different mechanisms
are responsible. For resonance (1), we believe that the
dominant effect of the electric field is the displacement
of the electron wave function in the magnetic field gradi-
ent from the micromagnets [17] (see section III.B of the
Supplemental Material). This effect also contributes to
the frequency shift of resonance (5), but presumably it
is masked by the change in valley-orbit splitting (Fyg)
resulting from the displacement of the electron wave func-
tion in the presence of interface disorder [11, 37]. For in-
stance, moving the electron towards or away from a sim-
ple atomic step at the Si/SiGe interface leads to a change
of the valley-orbit energy splitting, as shown by the re-
sults of numerical simulations reported in Fig. 3(b,c) [38].
As expected, the simulations predict a minimum in the
valley-orbit splitting when the wave function is centered
around the atomic step, but interestingly it does not van-
ish, i.e. the opposite signs for the valley-orbit splitting left
and right of the atomic step do not lead to complete can-
cellation (see section IV of the Supplemental Material for
a more detailed description).

The ~35 times greater sensitivity of the spin-valley
transition frequency to electric fields may contribute to
its ten times larger line width compared to the intra-
valley spin transition. The line width of the intra-valley
spin transition is believed to be dominated by the 4.7%
298i nuclear spins in the host material [17]. The nuclear
field also affects the spin-valley transition, but obviously
only accounts for a small part of the line width here. We
propose that the dominant contribution to the line width
of resonance (5) is low-frequency charge noise.

Although not definitive, some evidence for this inter-
pretation is found in Fig. 3(d), which shows a scatter plot
of fé5) and one of the dot-reservoir tunnel rates, simul-
taneously recorded over many hours (see section III.C of
Supplemental Material for a more detailed description of
the measurement scheme). The dot-reservoir tunnel rate
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FIG. 4. (a) Measured spin-up probability as a function of microwave power at BY,, = 846 mT for a fixed microwave burst time of
50 ps, near the resonance condition for inter-valley spin-flip transition (5). For increasing power, the line does not only become
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(eq. S42). The points indicated by the red crosses are excluded from the fit.

serves as a sensitive probe of local electric fields, includ-
ing those produced by charges that randomly hop around
in the vicinity of the quantum dot (see Fig. S6) [39]. The
plot shows a modest correlation between the measured
tunnel rate and féS), suggesting that the shifts in time of
both quantities may have a common origin, presumably
low-frequency charge noise.

In this case, we can also place an upper bound on
T5 permitted by charge noise for the intra-valley spin
transitions (1,2) in the present sample (given the specific
magnetic field gradient reported in [17]). Indeed, due to
the micro magnet induced gradient in the local magnetic
field parallel to Beg:, the pure spin transitions are also
sensitive to charge noise. Given that 7% ~ 110 ns for
transition (5) and the ratio of ~ 35 in sensitivity to elec-
tric fields, charge noise in combination with this magnetic
field gradient would limit 7% to ~ 3.8 us for transitions
(1,2). Tt is important to note that this is not an intrinsic
limitation, as the stray field of the micro magnet at the
dot location can be engineered to have zero gradient of
the longitudinal component, so that to first order charge
noise does not affect the frequency and Ty of transitions
(1,2). At the same time, a strong gradient of the trans-
verse component can be maintained, as is necessary for
driving spin transitions.

Besides its strong sensitivity to static electric fields, we
report a surprising dependence of the frequency of reso-
nance (5) on microwave driving power [Fig. 4(b,c)]. In-
creasing the driving power, the resonance not only broad-
ens but also shifts in frequency, as in an a.c. Stark shift
[40]. This dynamical evolution is very different from the

case of the intra-valley spin resonance, which is power
broadened but stays at fixed frequency [8, 17]. This fre-
quency shift is, at least for a limited microwave power
range, in line with the dynamical level repulsion cap-
tured by Eq. S42, where AF,symp o €7 expresses the en-
ergy splitting between resonance (5) and its asymptote,
hw = Ez — FEp1. This relation is verified in Fig. 4(c) for
microwave powers of 9 — 17 dBm.

Finally, we attempt to drive coherent oscillations using
resonance (5) at high applied microwave power, record-
ing the spin excited state probability as a function of the
microwave burst time. Oscillations are not visible, in-
dicating that the highest Rabi frequency we can obtain
for resonance (5) is well below the corresponding 1/7T5 of
110 ns. This is consistent with our estimate that the Rabi
frequency is of the order of 10 kHz, based on the magni-
tude of the dynamical level repulsion seen in Fig. 1(a,b)
and the derivation in the section II.B of Supplemental
Material.

CONCLUSIONS

Despite its simplicity, the electrical driving of a single
electron confined in a single quantum dot can produce a
complex spin resonance energy spectrum. This particu-
larly applies for quantum dots realized in silicon, where
the presence of the excited valley-orbit state, close in
energy and strongly coupled to the ground state, intro-
duces a substantial non-linearity in the system response
to microwave electric fields. This allows us to observe



a transition whereby both the spin and the valley state
are flipped at the same time. We demonstrate how both
static external electric fields and electrical noise influence
the frequency of this inter-valley spin transition, limiting
its coherence properties and its potential utility as a qubit
[25].

Much of the dynamics of the spin and valley transitions
can be captured in a semi-classical picture, including
driving using higher harmonics exploiting non-linearities.
However, under intermediate or strong driving, new phe-
nomena emerge that cannot be easily explained except
in terms of dressed states that fundamentally involve a
quantum mechanical coupling between photons and or-
bital or spin states. Here, we have provided experimental
and numerical evidence for the existence of such dressed
states of photons and valley-orbit states at strong driving.
We have further estimated the strength of this valley-
orbit to photon coupling by comparing our analytical
theory to the experiments.

This work provides important experimental and the-
oretical insight in the role of inter-valley transitions for
controlling spin dynamics in silicon based quantum dots.
It also highlights the limitations of valley-based qubits in
the presence of strong valley-orbit coupling, due to their
sensitivity to electrical noise.
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