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Exchange coupling is a key ingredient for spin-based quantum technologies since it can be used to
entangle spin qubits and create logical spin qubits. However, the influence of the electronic valley degree of
freedom in silicon on exchange interactions is presently the subject of important open questions. Here we
investigate the influence of valleys on exchange in a coupled donor–quantum-dot system, a basic building
block of recently proposed schemes for robust quantum information processing. Using a scanning
tunneling microscope tip to position the quantum dot with sub-nm precision, we find a near monotonic
exchange characteristic where lattice-aperiodic modulations associated with valley degrees of freedom
comprise less than 2% of exchange. From this we conclude that intravalley tunneling processes that
preserve the donor’s �x and �y valley index are filtered out of the interaction with the �z valley quantum
dot, and that the �x and �y intervalley processes where the electron valley index changes are weak.
Complemented by tight-binding calculations of exchange versus donor depth, the demonstrated
electrostatic tunability of donor–quantum-dot exchange can be used to compensate the remaining
intravalley �z oscillations to realize uniform interactions in an array of highly coherent donor spins.
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Following proposals for spin-based quantum computing
[1,2], spin qubits have been demonstrated in, e.g., diamond
[3], GaAs [4–7], Si donors [8], and Si quantum dots (QDs)
[9–12]. Exchange coupling plays a key role in these
proposals [1,2] and has been employed experimentally
to couple spins over short distances [5,11], and to define
multispin qubits [4,6,7,9,10,12] that can be coupled over
larger distances via electric interactions [6], as also
expected for spin-orbit qubits [13–17]. Because of the
importance of exchange interactions, the impact of silicon’s
valley degree of freedom on electron tunneling and
exchange has been the subject of many theoretical studies
[18–28]. Notably, small changes in donor position
[18–21,24–26] and QD surface roughness [27,28] are
expected to produce large modulations of exchange cou-
pling, affecting two-qubit gate fidelities, owing to the
lattice aperiodicity of the valley wave vector. For donors,
the negative effects of the predicted rapid nonmonotonic

dependence of exchange could be reduced by atomic
precision placement [29,30] and/or quantum control
schemes to recover two-qubit gate infidelities [22,23].
While predictions of the amplitude of the nonmonotonic
oscillations vary significantly [18–28], experimentally
establishing the strength of the exchange modulations
has proven a difficult task and experimentally probing
the role valleys in exchange has received no direct
attention.
Tunneling and exchange in coupled donor-QD systems

[31–34] underpin some recent theory proposals for robust
spin-based quantum computing [35–37] seeking to exploit
the long donor spin coherence times [38–40] without direct
exchange between donors. The role of valleys in coupled
donor-QD systems differs compared to the well-studied
case of two donors [30,41,42]: the absence of �x and �y
valleys in the two-valley (�z) QD state means that intra-
valley exchange processes, where electrons preserve their
valley index, occur for the �z valleys but not for �x and
�y valleys of the donor. Though not yet observed exper-
imentally, this filtering of �x and �y valley degrees of
freedom from intravalley donor-QD exchange should
eliminate the main source rapid nonmonotonic variations
of exchange with in-plane donor position. However,
weaker intervalley processes where electrons change their
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valley index [43,44] remain a potential source of rapid
nonmonotonic exchange variations. Ignored in exchange
calculations to date [18–25], intervalley processes become
stronger as wave functions get smaller [43,44]. Large
variations in exchange are also expected with donor depth
variations, due to�z intravalley tunneling, where the phase
of the donor (QD) electron is pinned by the ion (interface).
The extent to which these processes influence schemes
for donor–QD-based quantum computing has yet to be
established [35–37].
Here we experimentally investigate whether changes in

lateral QD position can overcome variations of donor-QD
exchange associated with high spatial frequency “valley”
oscillations and slow envelope function decay, for three-
dimensional donor positioning uncertainty. This is accom-
plished by experimentally probing the exchange coupling J
of a donor bound electron with a highly localized electro-
static QD whose lateral positionR relative to the donor can
be controlled with sub-nm precision. The single-electron
QD, which has a large ∼12 meV charging energy and
correspondingly few-nm small spatial extent, is formed
beneath a passivated Si surface and its position, and coupling
to donors, is controlled by moving the tip laterally above the
sample surface. Here, we measure the donor-QD energy
spectrum by single-electron transport [45,46] to quantify the
strength of the intervalley interference processes in the
exchange coupling JðRÞ. We note that the tunability of
the exchange interaction opens up interesting possibilities to
electrically probe small-scale dopant-based quantum simu-
lators [47–49], or to perform electrical spin readout on
optically active impurity centers in materials like silicon
carbide [50,51], silicon [52,53], and diamond [54,55].
We find that lattice-aperiodic exchange has a small

amplitude≲2% of the nominal exchange coupling, evidenc-
ing the valley filtering effect and setting an upper bound on
the intervalley tunneling strength. We also experimentally
explore the tunability of the donor-QDexchangewithR, and
find that a modest 6-nm lateral QD shift changes the donor-
QD exchange by an order of magnitude. Finally, we show
that the QD also has a negligible impact on the electronic
orbital and valley population of the donor, which is 3.6 nm
beneath the Si surface,which is important for some proposals
[35,36]. Using sp3d5s� calculations, we find that the
observed tunability of donor-QD exchange can readily
compensate variations in exchange due to nm-scale donor
depth uncertainty. These results show that valley-induced
variations in donor-QD exchange can be (i) altogether
neglected for in-plane donor positioning variations due to
the valley filtering effect and weak intervalley scattering and
(ii) compensated for donor depth variations by modest
electrostatic tuning of QD wave functions using surface
gates [35–37], without distorting the donor wave function.
The key ingredient in our experiment is a single-electron

QD whose coupling to individual donors can be tuned by
controlling the QD position with sub-nm precision, using

a scanning tunneling microscope (STM) tip [Fig. 1(a)].
The QD state is formed below a silicon-vacuum surface
when the bands are locally bent downwards by the tip due
to a bias V applied to a reservoir [Fig. 1(b)] [56,57]. The
QD and donor are contained in a lightly doped region,
above a highly doped reservoir and below a (100) hydro-
gen-terminated surface [Fig. 1(a)]. The doping gradient was
prepared by thermal annealing [45].
The energy of the QD was probed by spatially resolved

single-electron tunneling. For the data shown in the dI=dV
map of Fig. 1(c) containing a neutral donor resonance
[45,59] at V ≈ −0.70 V, we identify the first electron in a
tip-induced QD state when the bands are bent downward
for the resonance at V ≈ −1.10 V, away from the donor.
Notably, the resonance shifts to V ≈ −1.05 V as the QD
approaches the neutral donor, showing that the coupled
donor-QD state has a lower energy than the isolated donor
and QD, since less downward bias of the localized state
(relative to the reservoir) is required for resonant tunneling.
The observed local dip of the QD resonance near a neutral

donor in Fig. 1(c) is inconsistent with a noninteracting state
of the donor andQDwhere theQDenergywould not depend
on tip position [Fig. 1(d), lower black line]. To explain the
data we need to consider spin-singlet paired two-electron
states Sði; jÞ with i electrons on the donor and j on the QD.
Chargingan isolateddonorwith a secondelectroncanalsobe
ruled out, since a parabolic Sð2; 0Þ resonance would be
expected in this case [Fig. 1(d), upper black line]. This is
because as the tip moves away from the donor it is less
effective at locally influencing the potential at the donor
site [60] so a larger bias is needed to overcome the donor’s
on-site Coulomb repulsion. In contrast, the resonance in
Fig. 1(c) flattens out, approaching Sð1; 1Þ-like behavior.
Consequently, the two-electron (2e) state in Fig. 1(c) can
only be understood as a hybridized superposition of Sð1; 1Þ
and Sð2; 0Þ singlets [Fig. 1(d), solid blue line].
Importantly, the donor-QD system forms amolecular state

in Fig. 1(c) since the donor-QD exchange energy J well
exceeds the reservoir tunnel rates, hðΓin þ ΓoutÞ. This result
is obtained by combining two experimentally established
inequalities. First, dI=dV has a line shape of a thermally
broadened reservoir [Fig. 2(a)], so kBT > hðΓin þ ΓoutÞ.
Second, J well exceeds kBT, as we show later.
Using the spatially resolved map of 1e → 0e tunneling

from the donor at V ¼ −0.80 V [Fig. 2(b)], we identify the
donor ground state [59,61] by the A1 valley interference
pattern [45]. We determine the donor depth 6.75a0 beneath
the silicon surface (a0 ¼ 0.543 nm) using a comprehensive
tunneling image analysis [62]. We assume zero electric
field for comparison with Fig. 2(b), which is justified
since the tip bias V ¼ −0.80 V induces a small electric
field −1� 2 MV=m [63]. With the 2e donor-QD state
in the bias window at V ¼ −1.125 V, the electric field in
the sample is considerably larger (13� 1 MV=m; see
Ref. [63]). With the second resonance in the bias window,
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spatially resolved electron tunneling to the tip [Fig. 2(c)]
represents a 2e → 1e quasiparticle wave function (QPWF)
[47,64–66].
For the discussion of the measured two-electron

donor-QD hybrid QPWF resonance in Fig. 2(c), we use
the spin singlet model illustrated in Fig. 1(d) with
jSi ¼ c1;1jSð1; 1Þi þ c2;0jSð2; 0Þi, where ci;j is the proba-
bility amplitude for jSði; jÞi. For the 2e → 1e transition,
the tunneling current is IðrÞ ¼ jD½2−1=2c1;1ψd1ðrÞ�j2 þ
jD½2−1=2c1;1uqðrÞ þ c2;0ψd2ðrÞ�j2 [63]. Here, ψdiðrÞ is the
donor orbital for electron number i, r is the movable QD’s
position relative to the donor, uqðrÞ is the lattice-scale
structure of the moving QD’s wave function, and D is a
differential operator that takes the STM tip orbital into
account [67]. We have found exceptionally good agreement
of our single donor measurements [45,46] with sp3d5s�
theory, including d-orbital tips [62].
As expected, the center of the donor-QD QPWF map

[Fig. 2(c)] strongly resembles the measured neutral donor
[Fig. 2(b)] because both Sð2; 0Þ and Sð1; 1Þ contain donor
bound orbitals, as reflected in the above expression for IðrÞ.
We note that when the 2e → 1e transition is in the bias
window, the 1e → 0e transition also remains energetically
allowed [Fig. 2(c)]. However, following the 2e → 1e

transition, the 1e → 0e transition is much less likely than
a 1e → 2e transition because the electron loading rate from
the reservoir Γin ¼ Γ1e→2e far exceeds the tunnel rate to the
tip Γout ¼ Γ1e→0e [63]. Hence, the strong appearance of
the donor in the QD resonance of Fig. 2(c) is not due to a
1e → 0e transition. Rather, it confirms the pairing inter-
action of the QD with the donor.
Away from the donor, the donor-QD resonance [Fig. 2(c)]

is lattice periodic in the ðx; yÞ plane as expected for a QD
wave function containing only þz and −z valleys [68,69].
Importantly, the QD and donor states are expected to have a
significant vertical overlap as illustrated in Fig 1(a), since the
QD charge density is expected to peak at z0 ≈ 3.5a0,
just ∼2 nm from the donor ion at 6.75a0. Here, z0 was
estimated using the triangular well approximation [68] with
z0 ≈ 1.32ðℏ2=2meEzÞ1=3, where Ez ¼ 13� 2 MV=m is the
electric field andm is the longitudinal electron effectivemass
in Si [63].
The remainder of the analysis focuses on the dependence

of the envelope and spatial oscillations present in the donor-
QD resonance energy Eðx0Þ. Plotted in Fig. 3(a), Eðx0Þ
obtained from Fig. 1(c) and the extracted lever arm [63]
varies by 5.5 meV over a 16-nm range of tip positions.
Notably, the interface experienced by the QD is atomically
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flat [Fig. 1(c), inset], which is important since roughness
disturbs the valley phase and exchange coupling of QDs
[27,28,70–74]. The donor-QD energy map Eðx0Þ is
dominated by exchange coupling Jðx0Þ ¼ Jdqðx0Þþ
1
2
ðUe1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8tðx0Þ2 þU2

e1

p
Þ, which in turn contains tunnel-

ing and exchange terms tðx0Þ and Jdqðx0Þ [19]. Here, Ue1 ¼
Ed − Eq þUdd −Udq is an effective addition energy,
where Udd is the donor charging energy and Udq is the
QD-donor electron repulsion. The remaining contribution
to Eðx0Þ is the Coulomb interaction of the QD with the
neutral donor, estimated to be ∼1 meV [63]. Importantly,
the Fourier decomposition of Eðx0Þ [Fig. 3(b)] contains no
lattice-aperiodic components above ≈1% of the average of
Eðx0Þ (at q110 ¼ 0). Given that Jðx0Þ comprises more than
50% of Eðx0Þ and the residual Coulomb interactions in
Eðx0Þ do not have lattice aperiodic components, the 1%
upper bound for Eðx0Þ corresponds to a 2% upper bound of
lattice-aperiodic components of Jðx0Þ.
Tunneling and exchange in a coupled donor-QD system

differs from two donors [18,19,21,24–26] because the QD

is a superposition of �z valleys only, and the donor is a
six-valley superposition as evidenced by lattice-aperiodic
components in the Fourier transforms of STM tunnel
current maps [Fig. 3(c)]. Notably, the six-valley super-
position of the 6.75a0 deep donor is hardly affected at
all by the QD electrostatic potential, even at an applied
electric field of 8� 2 MV=m below the 2e resonance
(V ¼ −1.010 V). This is evidenced by the Fourier decom-
position of the donor measurements below the 2e resonance
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FIG. 3. (a) Donor-QD energy Eðx0Þ as a function of tip position
x. Inset: Measured topography. (b) Spatial Fourier decomposition
of Eðx0Þ where lattice-aperiodic components are less than 1% of
value at q110 ¼ 0. Inset: Intravalley (green) and intervalley (white)
tunneling for donor and QD. (c) One-dimensional spatial Fourier
decomposition of 2e and 1e tunneling current along a ½110�
direction, with lattice-aperiodic oscillations due to valley super-
positions in donor bound states at q110 ¼ 0.85ð2π=a110Þ and
harmonics, where a110 ¼

ffiffiffi
2

p
a0. Left-hand inset: Two-

dimensional Fourier decomposition of one-electron tunneling
probability at electric field 8� 2 MV=m and bias V ¼
−1.010 V. Right-hand inset: Line cut through two-dimensional
decomposition evidencing negligible valley repopulation of donor
just below the 2e resonance.
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[Fig. 3(c), left-hand inset]. The amplitude of the Fourier
peak at q ¼ �ðþ0.15;−0.15Þð2π=a0Þ [black arrow in the
right-hand inset of Fig. 3(c)] reflects the x and y valley
population [45,58], and depends very little on the tip bias V
in our experiment [Fig. 3(c)]. By extending our theory
comparison [62] to include electric fields, we estimate a
0.5% change in the population of the x and y valleys with
the increase in electric field from −1� 2 MV=m to 8�
2 MV=m due to the STM tip voltage [63]. This is important
because for shallower donors where ion-implant statistical
uncertainty are suppressed [75], hybrid donor-QD systems
can be formed with negligible perturbation to donor valley
composition and hyperfine coupling.
We note that Eðx0Þ contains a lattice-periodic oscillation

[Figs. 3(a) and 3(b)]. This oscillation is likely an artifact
from QD energy and wave function changes induced by tip-
height variation δz [Fig. 3(a), inset]. For the former, an
energy shift of δE ¼ eαδzðϵSiEzÞ is expected [46], where
α ≈ 0.1 is the lever arm from our fit. For δz ¼ 40 pm
[Fig. 3(a), inset], δE ¼ 0.6 meV, in agreement with the
measured 0.7 meV oscillation. Notably, the smooth
exchange variation in Fig. 3(a) indicates that the valley
phase [28,72,73] varies little, even though the electric field
varies by ∼3 MV=m due to the change in the resonance
voltage from V ¼ −1.05 V to V ¼ −1.10 V.
We now consider lattice-aperiodic oscillations due to

interference of valley degrees of freedom in coupled donor-
QD systems. The spectral decomposition of JðRÞ can be
theoretically understood from an extended Hubbard
model for donor-QD tunneling, tðRÞ ¼ hψqjvq þ vdjψdi,
and exchange, JdqðRÞ¼ hψdψqje2ð4πϵjr1− r2jÞ−1jψqψdi.
Here,R is the donor-QD separation, vdðqÞ is the donor (QD)
potential, ψdðrÞ¼

P
μψdμðrÞ [ψqðrÞ¼

P
μ¼�zψqμðrÞ] is the

six-valley donor (two-valley QD) wave function and μ is
the valley index. In JðRÞ, intravalley (valley preserving)
and intervalley (valley modifying) terms have lattice-
aperiodic prefactors expðik ·RÞ, since k values are dis-
tributed about the conduction band minima. While the
intravalley tunneling process present in interdonor
exchange can be evaluated readily [19], it is expected to
be absent here for x and y valleys since they are not present
in the QD state. The remaining intervalley processes where
electrons change valley index while tunneling [43,44]
contribute lattice-aperiodic terms expðik ·RÞ to JðRÞ.
Hence, the 2% bound on the lattice-aperiodic exchange
both reflects the effectiveness of valley filtering and
provides an upper bound on the strength of intervalley
exchange compared to total exchange, which, to our
knowledge, has not been reported to date. In particular,
the intervalley exchange falls outside the scope of the
effective mass approximation, but is expected to be
enhanced for localized states compared to extended states.
This is relevant because the nm-spatial extent of the
localized wave functions is similar to silicon’s lattice
constant [76].

The experimentally confirmedweakness of the intervalley
tunneling means that lateral and vertical donor positioning
uncertainty of donors will influence donor-QD exchange in
different ways. Lateral donor positioning uncertainty will
influence coupling predominantly through the nm-scale
envelope decay length of the QD. In contrast, vertical donor
positioning uncertainty will influence coupling through a
combination of thevertical decay length of the donor andQD
and interference processes in the intravalley exchange. The
interference should contain an oscillatory term in donor
depth because the surface pins thevalleys of theQDwhile the
ion pins thevalleys of donor bound electron.The strategy that
stands out to compensate these exchange variations is to
adjust theQD confinement potential and therefore overlap of
the QD state with the fixed donor. This is already accom-
plished in our experiment since the QD follows the potential
of the STM tip, and in proposed devices could be realized by
tuning surface gate voltages [36,37]. In particular, our
measurements [Fig. 3(a)] show that a change of donor-QD
separation by 6 nm changes donor-QD exchange by an order
of magnitude, showing that strongly confined QDs allow for
a tremendous exchange tuning range.
To determine if this tuning range is sufficient to over-

come intravalley oscillations in exchange due to depth
variations in the donors, a quantitative theory analysis has
been carried out with atomistic sp3d5s� tight binding.
Experimentally measuring these oscillations is difficult
since it would require the ability to change the valley
phase of the QD wave function, or directly measuring
< 0.5 meV values of exchange with direct transport, which
is not possible in our scheme at 4.2 K. The QD state in the
calculation was calibrated so that full configuration inter-
action wave functions [26,77] reproduce experimentally
measured spectra. A 5-nm STM tip radius was found to
reproduce the bias where 0e → 1e and 1e → 2e QD
transitions occur, away from the donor. The lowering
of the addition energy due to donor-QD coupling when
the QD is directly over the donor is calculated to be
Eðx0 ¼ 0Þ ¼ 6.8 meV, compared to the value 6 meV in
experiments [Fig. 3(a)].
The expected variation in exchange with vertical donor

positioning uncertainty was estimated by computing the
donor-QD exchange for a range of donor depths and QD
distances. The geometry used in the calculation includes
the tip potential and donor ion potential. A cross section of
the calculated charge density including the donor (x ¼ 0)
and QD (x ¼ 8 nm) is shown in Fig. 4(a). In agreement
with our measurements, the exchange varies slowly with
lateral QD position [Fig. 4(a), inset], showing that tight
binding accurately reproduces the weak intervalley scatter-
ing observed in experiments. The calculated exchange
varies rapidly with donor depth z0 [Fig. 4(b)], but notably,
the total variation including the rapidly varying intravalley
interference and envelope decay is less than 2 orders of
magnitude for depths between 2.2 and 3.7 nm. This is

VALLEY FILTERING IN SPATIAL MAPS OF COUPLING … PHYS. REV. X 8, 031049 (2018)

031049-5



important because it indicates that variations in exchange
due to donor depth uncertainty can be compensated by
adjusting donor-QD wave function overlap using gates.
The calculations for different donor-QD lateral displace-
ments along the 110 direction [Fig. 4(b)] show that a change
of QD position of ∼4.5 nm, between 18.43 and 23.04 nm, is
sufficient to overcome this variation. We also note that
similar to interdonor exchange, residual coupling uncertainty
can in principle be corrected by quantum control [22,23].
In conclusion, we spatially mapped the energy of a

neutral donor coupled to a single-electron QD that can be
positioned in the plane with sub-nm accuracy using a STM
tip. Besides additional applications of coupling to optically
active impurities [50–55] or small-scale quantum simula-
tors [47–49], our results highlight that, similar to predic-
tions for donor-donor interactions in strained Si, donor-QD
interactions [34–37] do not suffer from valley-induced
variations in exchange due to in-plane donor positioning
uncertainty. The demonstrated monotonic tunability of
donor-QD exchange with QD position is therefore
promising for the realization of uniform exchange cou-
plings between highly coherent donors using tunable,
electrostatically defined QDs [35–37] that are compatible
with an all-donor-based approach [1,78].
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