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Electrically addressing spin systems is predicted to be a key component in developing scalable
semiconductor-based quantum-processing architectures, to enable fast spin-qubit manipulation and long-
distance entanglement via microwave photons. However, single spins have no electric dipole, and
therefore a spin-orbit mechanism must be integrated in the qubit design. Here, we propose to couple
microwave photons to atomically precise donor spin-qubit devices in silicon using the hyperfine inter-
action intrinsic to donor systems and an electrically induced spin-orbit coupling. We characterize a
one-electron system bound to a tunnel-coupled donor pair (1P-1P) using the tight-binding method, and
then estimate the spin-photon coupling achievable under realistic assumptions. We address the recent
experiments on double quantum dots (DQDs) in silicon and indicate the differences between DQD and
1P-1P systems. Our analysis shows that it is possible to achieve strong spin-photon coupling in 1P-1P
systems in realistic device conditions without the need for an external magnetic field gradient.

DOI: 10.1103/PhysRevApplied.17.054007

I. INTRODUCTION

Semiconductor spin qubits have now reached high
enough figures of merit to envision error-corrected archi-
tectures for quantum-information processing [1-5]. Such
architectures are expected to require both short-range spin-
coupling mechanisms, achievable via, e.g., the exchange
interaction [6-9], as well as chip-scale coupling mech-
anisms to allow for control electronics and quantum-
information transfer [10]. Superconducting microwave
cavities, which are used in the context of circuit quan-
tum electrodynamics [11,12], are also suitable for coupling
spin-based qubits at long distances [13] as the typi-
cal gigahertz microwave-cavity resonant frequencies can
match the energy scales found in semiconductor-based
spin devices [14].

Direct spin-photon coupling is challenging due to the
small magnetic dipole interaction, usually on the order of
10 to 100 Hz [15], between an electron spin and the typ-
ical vacuum fluctuations of a resonant cavity. Instead, an
electrical coupling between the two entities is preferable,
which is also necessary for the development of electrically
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driven spin resonance (EDSR) to increase qubit operation
speed and scalability [7,16-24]. There are two require-
ments for creating electrical coupling: a charge dipole
can be induced by localizing a spin across more than
one quantum dot [25]; and spin-to-charge hybridization
can be induced either through a natural spin-orbit mech-
anism (intrinsic SO, usually weak for electron systems),
or by engineering a spin-orbit mechanism (extrinsic SO).
An extrinsic SO mechanism can be created, for exam-
ple, by using the transverse magnetic field gradient of
a micromagnet [26—28]. Coupling spins to photons with
an extrinsic SO mechanism has successfully been demon-
strated in electrostatically defined quantum dots [29-34],
yielding spin-photon coupling rates on the order of 10
MHz. These rates are sufficient to achieve the strong
spin-photon coupling regime—a milestone where the spin-
photon interaction rate exceeds both the qubit decoherence
and cavity decay rates. While it has not been realized
to date, achieving the strong coupling regime using an
intrinsic SO mechanism would be desirable to ease device
fabrication and scalability.

Electron spins bound to *!'P donors in silicon form a rel-
evant qubit platform for quantum-information processing
with exceptionally long coherence times, demonstrated on
the order of seconds [35,36], and the fastest two-qubit gate
operations to date [9]. Recent progress on donor-bound
spin qubits defined with the atomic precision of scanning
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probe lithography [37,38] have included double and triple
quantum-dot devices [9,39,40], where each quantum dot
can be made of one or more dopants. Of note, phospho-
rus atoms host a nuclear spin [35,41], and the hyperfine
interaction between the electron and the nuclear spins is
the basis of a proposal for a hybrid spin qubit amenable
to long-distance coupling via microwave photons [42]. An
electrically induced spin-orbit interaction has also recently
been observed in donor qubit devices [43], but its potential
in electrically addressing spins remains to be explored.

Here, we describe a device architecture that combines
both the ability to place dopant atoms with atomic preci-
sion in silicon and the use of their intrinsic SO mechanisms
to couple spin qubits and microwave photons. The spin
qubit itself consists of a single electron bound to two
tunnel-coupled single 3!P donors, whose tunneling fre-
quency is comparable to the resonant frequency of a nearby
superconducting coplanar microwave resonator. Atomistic
methods [44] are used to determine critical system param-
eters, i.e., the optimal donor separation and the corre-
sponding tunnel coupling 7. and charge dipole moment
d.. We then investigate both the hyperfine (HF) [35,41,42]
and the electrically induced spin-orbit (EISO) [43] mech-
anisms to realize the necessary spin-charge hybridization.
An effective Hamiltonian approach is used to estimate the
ratio, g;/g., between the expected spin-photon and charge-
photon couplings in a 1P-1P system. We use finite-element
simulations of a cavity’s electric field at the qubit position
to estimate g., which we find to be comparable to what
has recently been measured in gate-defined DQD systems
[29,30]. Our results suggest that the strong spin-photon
coupling regime is achievable for dopant systems in sili-
con under realistic qubit coherence and device electric field
conditions.

II. THEORY

Previous theoretical analyses of qubit-cavity coupling in
Si focused mostly on double quantum-dot systems, using
an effective Hamiltonian framework and input-output the-
ory [25,28,45]. In DQD devices, the spin-charge hybridiza-
tion is achieved due to an inhomogeneous magnetic field
that is usually created by a micromagnet deposited on the
surface. The magnetic field gradient between the dots is
included in the Hamiltonian as a term mixing electron spin
and spatial degrees of freedom, which enables spin-photon
coupling. Coupling the electron spin to the oscillating
electric field has also been demonstrated in various DQD
systems as mediated by intrinsic spin-orbit interaction or
hyperfine interaction with the nuclear bath [46].

The nature of spin-charge hybridization is different in
1P-1P devices compared to DQD, since it arises from the
hyperfine interaction between the electron and the small
number of 3!P nuclear spins. Thanks to that it is possible to
consider the electron-nuclear system as a whole and define

electron-nuclear spin-qubit states. Other works discussing
spin-charge coupling in Si:P devices include the flip-flop
qubit [42,47,48] and 1P-2P system [23,24]. Those pro-
posals consider an asymmetry in the hyperfine interaction
between the left and right dot, while our work investigates
a symmetric (1P-1P) case, and demonstrates that this also
produces viable spin-charge coupling. Our focus here is on
a device design for optimized coupling to a superconduct-
ing resonator for long-distance two-qubit coupling, hence
we discuss its feasibility in terms of all the relevant system
parameters and cavity design.

Here, we formulate the effective 1P-1P Hamiltonian in
the |DI; IxS) basis, where D defines an electron localized
on the left or right donor (|L) or |R)), I; and I indicate the
left and right nuclear spin (with a polarization | f}) or | {}))
and S the electron spin (| 1) or | |)). We use the following
16 x 16 Hamiltonian in the described basis:

H=—tt+et,+hy.B-S+ Z hypB - Ij + Hyr,
J=LR

(D

where % is Planck’s constant, 7. is the tunneling rate
between the two donors, € is the relative detuning energy
between the left and right donor states, B = (0,0, B) is an
external applied magnetic field, and y, = 27.97 GHz/T,
yp = —17.23 MHz/T are the electron and nuclear spin
gyromagnetic ratios, respectively. The Pauli matrices in the
left and right donor basis are t, while S = %{Jxe,oye,aj

and 1= 3{of,0f,6F} are the electron and donor spin
operators with o¢ (¢ being the Pauli matrices in the elec-
tron (donor) basis. Hyy is the Hamiltonian describing the
HF interaction between electron and nuclear spins. It can

be expressed as
Hyp = hA[IL - S ® |L)(L| + hARIr - S® |R)(R|, (2)

where A; (Ag) represents the hyperfine constant of the left
(right) donor, assumed to be equal to the bulk value 4, =
Ar = 117 MHz. The electron-nuclear spin product can be
expressedas I-S = LS, + %(IJFS_ +1_S5,).

Near zero detuning, the tunnel coupling 7. mixes the
|L) and |R) states to create the bonding |—) and antibond-
ing |+) states with |F) = (|[L) &+ |R))/\/§. We assume
that the cavity field, with amplitude & and frequency f;,
has a nonzero polarization component along the x axis in
Fig. 1, which is defined to be the 1P-1P axis. The operator
e&px mixes the bonding |—) and antibonding |+) states,
with a charge coupling rate g. defined as hg, = Eyd, =
e&ol{—Ix|+)|. In the {|L),|R)} basis we can express the
coupling Hamiltonian as

Hc = hgc(a + aT)Tza (3)

where a (a') is the annihilation (creation) operator for
the microwave resonator mode. This Hamiltonian H,. does
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FIG. 1. Proposed device architecture. We consider a sin-

gle electron (yellow arrow) confined between two phosphorus
donors placed in the lattice of bulk silicon and separated in x
direction. The two donor states are tunnel coupled (#.) to form
the bonding |—) and antibonding |+) orbital states. The qubit
is formed between electron spin | and 7 states of the bonding
orbital, with an energy splitting AE, determined by the external
magnetic field B and the hyperfine interaction between the elec-
tron and the nuclear spins of each P atoms (black arrows). The
qubit electrically couples to the cavity at a resonant frequency f.
via a gate defined by STM lithography.

not directly mix spins since it is diagonal in nuclear
and electron spin subspaces, i.e., (D11;l; Sy|Hc | Dy L1 Sp) =
8idjkdar(D11Hc|D,). However, as the hyperfine interac-
tion is spatially dependent [see Eq. (2)] the Hyr induces
hybridization of spin and orbital degrees of freedom in the
system. We can expect this mixing to provide nonzero g
values, i.e., H. evaluated between eigenstates of opposite
electron spin hgy = [(W;|H.|¥;)|, and thus to enable the
electrically driven spin rotations.

The dipole moment d. and tunnel coupling 7. are two
useful parameters to consider when discussing the spin-
photon coupling g;. The dipole d. determines the rate
of charge-photon coupling g., which sets an upper limit
for g, as the two coupling rates are proportional to each
other. Tunneling is responsible for |L) and |R) state mix-
ing, which is necessary for efficient electron movement
between the dots or donors. This movement leads to peri-
odic changes in the magnetic field for DQD or the hyper-
fine interaction for 1P-1P, which couples the spatial and
spin degrees of freedom to enable electrically driven spin
rotations. We look for a transition that involves electron
| J) and | 1) states of the bonding orbital, i.e., our qubit
states (see Fig. 1). The cavity frequency should be matched
to the energy splitting between those states—which is on
the order of the electron Zeeman splitting y.B. As the
proximity of the antibonding orbital to the qubit levels
maximizes the degree of spin-charge hybridization, we aim
also to set the tunneling rate 2¢. /4 close to the qubit energy
splitting. Considering the standard cavity frequency band-
width range of 4-12 GHz, both DQD and 1P-1P systems

should be designed in a way that allows y,.B to be in that
interval, and 2¢. /A to be close to that value.

We perform atomistic calculations using the NEMO3D
package [49,50] to estimate the optimal donor separation
in 1P-1P systems and its corresponding tunneling rate ¢,
and dipole moment d.. In order to elucidate the chal-
lenges and feasibility of cavity coupling to donors, we also
model DQD systems using the same method as above for
comparison. For both systems we use a nearest-neighbor
tight-binding Hamiltonian within the sp>d°s* band struc-
ture, where the positions of the P donors are defined with
exact lattice site precision. The donors are represented by
Coulomb potentials of a single positive charge—screened
by the silicon dielectric constant €5; = 11.9 and having
a cutoff value of Uy = 3.782 eV [44]. Quantum dots are
represented by an external electrostatic potential of the
form:

Wx,y,2) = minfey(x —x) + ¢y —y)’] + Exz, (4)

where ¢,; and c; are the curvatures of the ith dot poten-
tial along x and y directions, respectively, and (x;, y;) is the
ith dot center. E; is the electric field applied from a top
gate, which confines the electron close to the surface in
the z direction. We use symmetric dots of potential curva-
tures ¢y = ¢, =1 x 10~7 V/nm? and an electric field in
z direction of £, = 10 MV/m. This curvature corresponds
to a dot radius of 35 nm, as calculated from the harmonic

oscillator potential, W(x) = %ma)zxz, with the ground state

proportional to exp(—xz/r%) and rg = /2h/mw. At this
curvature, the harmonic oscillator energy-level separation
is equal to hw = 0.12367 meV. As this energy is close to
the tunnel coupling value of 40 neV, valley-orbital physics
can alter the simple coupling picture between the cavity
and the bonding and antibonding orbitals of quantum dots,
as recently experimentally evidenced [51]. The situation is
different for donors as tight-binding calculations yield an
orbital splitting typically orders of magnitude larger than
t.—for 1520 nm donor separation it is over 10 meV and
falls to values comparable to the tunneling only for sepa-
ration smaller than 7 nm. Therefore, we can neglect these
higher orbital states in the rest of the paper, which focuses
on donors only.

II1. RESULTS

A. Tunneling and dipole moment

Using the atomistic model we calculate the tunneling
energy and dipole moment for DQD [Figs. 2(a) and 2(b)]
and 1P-1P [Figs. 2(c) and 2(d)] systems as a function of
dot or donor separation Ax. The tunneling rate 2z, /h repre-
sents the energy difference between the two lowest orbitals
obtained with the tight-binding model, i.e., the bonding
and antibonding orbitals. The range of Ax has been cho-
sen to yield tunnel rates on the order of 10 GHz, to match
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FIG. 2. Tunneling rate 2z, (a),(c) and dipole moment d. (b),(d)
of a double quantum dot (a),(b) and two donor system (c),(d)
as a function of dot or donor separation Ax. Dashed lines in
(b),(d) show relation expected for the case of an ideal two-point
dipole, i.e., d. = eAx/2. (e) Charge density of an electron local-
ized within donors separated by 7.6 nm—for clarity plotted as
a logarithm of |W¥|2. Plot shows the cross section of the device
exactly at the donors’ position in z direction.

the typical frequency range of coplanar microwave res-
onators. For the DQD system, the results correspond to
recent experiments [29,30] in which 2¢./h on the order
of 10 GHz has been reported for dot separation of about
100 nm.

In the 1P-1P case, the electron wave function is signifi-
cantly more localized than for quantum dots. The electron
is strongly confined to donor regions [see Fig. 2(e) where
|W|? is plotted in logarithmic scale for better visibility] so
the tunneling is considerably smaller than in quantum dots
for the same Ax. For instance, the tunneling of approxi-
mately 30 GHz is obtained for dots separated by 70 nm,
while the same tunneling for the 1P-1P system can be
achieved only if bringing donors approximately 15 nm
apart. The apparent qualitative difference between 1P-1P
and DQD plots is due to the different Ax range to wave-
function size ratio in both systems, as well as the specific
choice of the dot potential profile. The large extent of the

electron wave function in quantum-dot devices results in
limited variations of the corresponding tunnel coupling
within the range of distances considered here, as shown
in Fig. 2(a). In contrast, electron wave functions in donor
devices are much more confined, with the tunnel coupling
having a clear exponential behavior over just a 15-nm dis-
tance, dropping by 3 orders of magnitude as shown in
Fig. 2(c). To operate in a 2¢./h region comparable to cavity
frequency bandwidth we should focus on donor separation
of about 1520 nm.

The calculated dipole moments shown in Figs. 2(b)
and 2(d) follow approximately linear dependence as a
function of the separation Ax, for both donors and DQDs.
It can be noticed that the simulated values are in good
agreement with the classical two-point dipole d, = eAx/2
[yellow dashed line in Figs. 2(b) and 2(d)], which we use
in the following. For 1P-1P [Fig. 2(d)] in particular, due to
the steep confining potential of the donors, the two-point
dipole approximation is very accurate within the separation
range we investigate. For smaller separations the orbital
and valley energy splittings become comparable and we no
longer have a well-defined two-level bonding-antibonding
system, separated from other excited states. The slight
deviation of the dipole for smallest Ax is a signature of
this behavior.

The DQD simulations assume a parabolic shape of the
dot potential and predict tunneling rates, which agree well
with the experiment for this distance range [29,30]. More
sophisticated electrical control, such as gate-tunable tun-
nel coupling, could be implemented in future work. Here,
the first level of comparison between DQD and 1P-1P sys-
tems emphasizes the main challenge related to donors—the
strong dependence of the tunnel rate with the interdonor
distance. This dependence results in a stringent require-
ment to place the donors in a narrow Ax range of 15-20 nm
for the tunnel coupling to be close to the cavity frequency.
This limits the dipole moment, which can be achieved in
1P-1P systems to values approximately 5 times smaller
than that of DQDs. However, this does not rule out the pos-
sibility of obtaining comparable charge-photon coupling g.
by maximizing the cavity field & at the donor sites. The
strong localization of the electron wave function and the
atomic precision of STM lithography allow the 1P-1P sys-
tem to be placed in a high-field region of the cavity, as
further explained in Sec. IV.

We also investigate the case of an electron bound to
an asymmetric donor cluster system, namely the 1P-2P
configuration. Because a 2P cluster presents a stronger
localization potential to the electron compared to 1P, a
detuning is required to bring the left and right donor lev-
els on resonance in order to estimate a tunneling rate and
dipole moment. This is done in the tight-binding model by
adding a linear potential drop between the donors. We set
the donors of the 2P cluster to be separated by two lat-
tice constants, i.e., 1.086 19 nm, along the y axis. Like
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for the 1P-1P case, the dipole is still approximately pro-
portional to Ax/2. Yet 1P-1P and 1P-2P systems present
markedly different tunneling rates for the same cluster sep-
aration, e.g., 2¢./h for 1P-2P (1P-1P) is equal to 38.5, 8.8,
0.4 GHz (252.7, 94.4, 12.7 GHz) for Ax equal to 10.86,
13.03, 17.38 nm, respectively. This considerable decrease
of tunneling rate for 1P-2P with respect to 1P-1P can be
intuitively understood as a result of a deeper overall donor
potential and therefore stronger electron localization. This
is undesirable for qubit-cavity coupling, since setting 2z,
resonant with a cavity would require bringing the 1P-2P
cluster closer together, leading to a smaller dipole moment.
However, that problem can be solved by loading the clus-
ters with more electrons, e.g., three electrons for the 1P-2P
system [24].

B. Hyperfine-mediated spin-photon coupling

We use the effective Hamiltonian defined in Eq. (1) to
calculate the energy spectra of a 1P-1P system. We show
in Fig. 3(a) the calculated energy levels of the system
as a function of the detuning e for two donors sepa-
rated by Ax = 18.47 nm, in an applied external magnetic
field B = 0.2 T. The tunneling rate for this separation, as
shown in Fig. 2(c), is equal to 2¢./h = 7.64 GHz. Each
of the four lines in Fig. 3(a) is itself a group of four
distinct eigenstates, illustrated in Fig. 3(b). The left side of
Fig. 3(b) shows the spectrum for a symmetric (4; = Ag)

hyperfine interaction, and the right side for an asymmet-
ric (A, > Ag or equivalently € < 0) interaction. The four
eigenstates in each manifold differ only by nuclear spin
configuration, and their order is determined by the HF
interaction, as for B = 0.2 T it dominates over the nuclear
Zeeman interaction.

For ease of notation, the eigenstates in Fig. 3(b) are only
labeled by their dominant contributing state, and the labels
do not show other basis states that have a finite weight-
ing in the eigenstates. In fact, due to the off-diagonal terms
in the hyperfine Hamiltonian Hyg, the states labeled in
Fig. 3(b) are also composed of admixtures of other spin
and orbital basis states. The nature of those admixtures can
be predicted from the dominant contributing state and the
form of Hyg, as HF causes electron-nuclear spin flip flops
but does not change the total spin or the overall parity of
the states. In contrast to the hyperfine interaction, the elec-
tric field of the resonator described by H, interacts with
the 1P-1P via the charge dipole matrix and thus changes
the overall parity of the state.

We further estimate the spin-photon coupling hgs by
evaluating H, between the H eigenstates at detuning € =
0. Nonzero matrix elements (v;|H.|v;) indicate that the ith
and j th states are coupled by a perturbation from the cavity
electric field. That determines which transitions are possi-
ble, provided the cavity frequency f, is resonant with the
given level’s energy splitting.

We can detail the composition of the ground state v,
and of the sixth eigenstate s, to understand how the

(a) ‘ ‘ ‘ (b) A =AR A >Ar or €<0
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N 5f 1 (NU+UMN2 ™ ?
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FIG. 3.

(a) Energy spectra of the 1P-1P system as a function of detuning, as calculated within the effective Hamiltonian approach.

Each line here is nearly fourfold degenerate due to different nuclear spin configurations. (b) Electron-nuclear energy levels for a
symmetric (4, = Ag) and asymmetric (4; > Ag or € < 0) hyperfine interaction. The color coding matches that of plot (a). Symbols
{m U} (1.4}, {I-), |+)} describe the dominant contributing state of each eigenstate. Labels 1-8 enumerate the eigenstates. Black
(gray) arrows indicate electron spin-flipping (conserving) transitions. (¢) Spin-photon coupling g, expressed in g, units as a function

of the external magnetic field B for 2z./h = 7.64 GHz.
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admixtures of different spin and orbital states can result in
electrically available transitions:

[¥1) = =0.7071(IL) + [R)| fAfr)) + 0.0035(|L) + |R))
< (1) +14)1 1) = 0.0015(1L) — |R))
< (I = 14D 1),

[Ws) = —0.4999(|L) + [RN (| 1) = [ 4D 1)
+0.002(1Z) — [R)A ) + 14D 1)
— 0.0146(|L) — [RD] 1), &)

In the above, nonzero transition elements driven by H.
appear between same-spin, opposite-orbital contributions
from both eigenstates, i.e., between the first term of v; and
the last term of ¢ etc. Note that this can be understood
as the electric drive exciting the orbital basis from |—) to
|[4+). Indeed, taking all the terms into account, we obtain
a finite expected value fig!® = |(y |H,|¥6)| ~ 0.023Nhg..
The same approach can be applied to identify all the
other possible electron spin-flipping transitions, which are
represented by the black arrows in Fig. 3(b). Note that
these electrical transitions in tunnel-coupled donor sys-
tems can in principle also be used for EDSR, and parallel
approaches have investigated the advantages of asym-
metric clusters and multielectron systems in this context
[23,24]. We ignore transitions to the antibonding electron
spin-up states because of their significant energy separa-
tion with respect to the resonances considered in this paper.
The transition matrix elements between states of the same
spin but different spatial symmetry are equal to approx-
imately hg.. As mentioned above, the transitions, which
include an electron spin rotation always involve a nuclear
spin transition as well—with the total spin of the joint
electron-nuclear system being conserved. The configura-
tions where the nuclear spins are polarized in the same
direction, e.g., ||} |, do not result in an available cavity-
driven electron spin transition because there is no possible
flip-flop transition, and the system is in the equivalent of a
blockade regime.

A distinction must be made between the symmetric and
asymmetric hyperfine cases. For the symmetric case, the
configurations ||} and |{} form a nuclear spin singlet and
triplet. This results in the state W; (with dominant con-
tribution of ff}) to only couple to the nuclear singlet of
opposite electron spatial symmetry and spin W [of domi-
nant contribution of % (Mt — JM ], but not to the nuclear
triplet W7. In the case of an asymmetric hyperfine inter-
action between the left and the right donors, the nuclear
singlet-triplet symmetry is broken as one of the configu-
rations |} or {1 is energetically favored, as depicted on
the right-hand side of Fig. 3(b). Thus for the asymmetric
hyperfine case there are four possible electrical transitions
while for the symmetric case only two are allowed.

The splitting between 1 and |} nuclear configuration,
within the |—) or the |+) orbital, is a sum of hyper-
fine and nuclear Zeeman energies (A; + Ag)/4 & 2ypB.
As at the point of anticrossing the eigenstates contain some
admixtures of different orbital and spin states, the actual
energy splittings slightly deviate from the values men-
tioned above. This mixing also lifts the degeneracy of the
nuclear spin singlet and triplet states. The resultant energy
splitting is larger for smaller magnetic fields and for our
parameters it is on the order of 0.1 MHz. In case of any
asymmetry in the hyperfine interaction between the left
and the right cluster, one of the configurations }{} or {1}
is energetically favored and the nuclear-electron levels are
further split by about |4, — A4gr|/4.

Since the antibonding |+) orbital plays a mediating role
in the considered transition, the g, coupling will depend on
how strongly the orbitals are mixed and, consequently, on
the relative values between 2¢. and the Zeeman splitting.
We calculate g;/g. as a function of the magnetic field B
while keeping . constant—see Fig. 3(c). We can see that
the spin-photon coupling increases when the electron spin
Zeeman splitting approaches 27, at about 0.272 T, that is
the degeneracy point between the |—) 1 and |+) | states.
Although g, is highest there as it equals g, this point is
also a hotspot where the spin qubit is most susceptible to
charge decoherence—similarly to DQD systems.

C. Electrically induced spin-orbit interaction

Now we consider the effect of spin-orbit interaction on
the donor system. As recently reported [43], a pronounced
spin-orbit coupling arises in donor qubit devices in Si when
placing P donors in a strong static electric field. It has
been shown in the analysis of single-donor-electron spin-
relaxation processes [43] that this effect, referred to here
as EISO, can dominate over the Rashba and bulk silicon
crystal SO interactions. In the following we focus only
on the EISO effect. In a 1P-1P system, the EISO mech-
anism combined with an electric field difference between
the two donor sites becomes equivalent to a magnetic field
gradient used in DQDs to electrically induce spin-flip tran-
sitions. We include the following additional term Hgiso in
the effective Hamiltonian H of Eq. (1):

E,B. +E.B,\

E.B; + E.B;
E.B, + E,B,

Hiiso = -C.o0 =E,B.Co,, (6)

where E,, E,, E. are the external electric field vector com-
ponents and C is a tensor representing the strength of the
spin-orbit coupling, which arises from directional differ-
ences in single valleys as well as the valleys weights of
the wave function localized within the P-donor potential.
We can notice that only an electric field transverse to the
applied magnetic field can produce nonzero elements in
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the EISO Hamiltonian. For simplicity, we consider that the
electric field is applied along the y axis, i.e., transverse to
the z axis external magnetic field. Based on spin-relaxation
anisotropy measurements, the C coefficient has been esti-
mated to about 6 x 10~ 4e m/T [43]. Because a difference
in the SO strength is required between the left and right
donor to obtain a finite spin-photon coupling, we assume
different values of electric field £} and Ef at the left and
right donor sites. This spin-orbit Hamiltonian then reads

ELB.C 0
HEgrso = ( yo ERpB C) ® oy, (7
'y V4

where the first matrix is in the {|L),|R)} basis. This
SO mechanism has no influence on the nuclear spins,
and the Hamiltonian is diagonal in the nuclear spin
basis. Therefore, Hgiso enables electrically driven electron
spin rotations whilst preserving nuclear polarization, e.g.,
| trd) — | 1), which is not possible via the HF inter-
action. Focusing on this particular transition, at a magnetic
field B, = 0.2 T, we obtain g,;/g. ~ 1% when the electric
field difference between the dots is set to 12 MV/m (EyL =

6 MV/m, Eﬁ = —6 MV/m), similar to those obtained with
the HF mechanism. While the absolute values of these
electric fields are reasonable for donor qubit devices, the
opposite signs imply a steep field gradient that can be
challenging to engineer in practice. This EISO coupling,
however, presents an advantage over the HF mechanism
in not requiring spin flip flops for electron spin rotations,
and therefore enable spin-photon coupling regardless of
the initial nuclear spin state.

In Fig. 4, g,/g. is shown for the possible transitions
between pairs of eigenstates from Fig. 3(b). The calcula-
tions are done using B. = 0.2 T, E} = 15 MV/m, Ef =
—15 MV/m, with these electric ficld values chosen so that
HF and EISO g, would be of similar magnitude. For clarity,
the resonances are plotted as a function of the frequency
shifted by the electron Zeeman splitting Af = f, — y.B.
The orange dashed lines represent the available transitions
obtained when only the HF interaction is considered, while
the black lines represent the transitions when both HF and
EISO mechanisms are included. Both the zero and nonzero
detuning cases are considered, and the numbers above each
line indicate the eigenstates between which the transitions
occur. The transitions labeled 1 — 8,2 — 7,3 — 6, and
4 — 5 are enabled by EISO only, while the small visi-
ble peaks of g;/g. on the order of 0.001 correspond to
transitions for which both HF and EISO interaction are
needed. These results clearly show that EISO offers addi-
tional means of coupling spins to microwave cavity, with
the benefits of being insensitive to the nuclear polarization
and relatively independent of HF-related g, coupling.

HF+SO
(@) o.03 ‘
1o} © ~ ©
T o B T
L002) |< o« -
(o) o
0.01¢
0.00 =t —
(b) 0.03— ‘ ‘ ‘ ‘
®
oo 002 1%
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FIG. 4. Spin-photon coupling g, expressed in g. units for all

possible transitions between the first two quadruplets (states 14
and 5-8). g, is represented by a peak at each transition’s reso-
nant frequency, with the x axis representing the frequency shifted
by the electron Zeeman energy Af = f, — y.B. The black solid
(orange dashed) line shows results for both the hyperfine and
the spin-orbit (hyperfine only) interaction included in the Hamil-
tonian. Plots (a),(b) correspond to the cases of € =0 and € =
—2 peV, respectively. These results are calculated for a mag-
netic field B, = 0.2 T and external electric fields Ef = 15MV/m,

Ef = —15MV/m.

D. Qubit operation and decoherence

The HF and EISO interactions enable different transi-
tions in Fig. 4, at distinct resonant frequencies, and each
of these frequencies can be treated as a possible working
point for electron spin-qubit manipulation. The separation
between HF- and EISO-enabled resonances is on the order
of (4, 4+ Ag)/8, or tens of MHz, and it should be possible
to distinguish the peaks originating from those two mech-
anisms with the frequency resolution offered by current
cavity architectures.

Assuming all nuclear spin orientations have approxi-
mately the same probability (reasonable for temperatures
on the order of 100 mK), the initial qubit state will appear
in each of the four possible quadruplet eigenstates in the
lowest branch of Fig. 3(b) equally often. Similarly to ESR
experiments [52], at any given time we would observe only
resonances corresponding to the current nuclear spin state.
Additionally, as explained previously, not all initial qubit
states are sensitive to electric field when solely the HF
interaction is present in the system. Only including the
EISO mechanism yields electrical transitions for any ini-
tial nuclear spin state. For example, the initial spin state
| $4J) is insensitive to electric field for HF alone, but has
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an allowed transition due to the EISO mechanism, see peak
4 — 5 in Fig. 4(a). The problem of nonresponsive initial
states for the HF-only case could be overcome with nuclear
spin polarization methods like NMR [53] or DNP [54,55].
Control over initial nuclear spin configuration, provided by
these methods, would allow a single chosen resonance in
Fig. 4 to be deterministically addressed.

Single-donor qubits can achieve very long coherence
and relaxation times due to large excited-state energies
and the absence of spurious nuclear spins in isotopically
purified silicon [35,36]. The presence of a spin-orbit mech-
anism, necessary to enable electrical qubit manipulation,
also exposes the qubit to charge noise, which can become
the main source of decoherence [56], and make the strong
spin-photon coupling regime challenging to achieve [19].
However, donor qubits can be embedded in a fully epitax-
ial structure while quantum dots are by definition pinned to
an interface, usually rich in two-level fluctuators. Hence,
noise figures as low as 0.094 ueV/+/Hz (at 1 Hz) have
been evidenced for a 2P-3P system [57], against a range of
0.3-2 ueV/+/Hz for electrostatically defined quantum dots
[58]. Spin decoherence rates in the 1-2 MHz range have
been measured for DQDs [29,30], and the smaller dipole in
donor systems at fixed tunneling frequencies implies that
a smaller, or at least similar, spin decoherence rate for a
1P-1P strongly coupled to a microwave resonator could
be expected, and this would allow reaching the strong
coupling regime.

The 1P-1P system in principle does not require any
electrostatic gates apart from the single lead controlling
the detuning and providing contact for the resonator (this
is discussed in more detail in Sec. IV). As spin-cavity
coupling due to EISO requires large electric field gradi-
ents, the system utilizing the EISO mechanism would need
additional leads to apply a local static E, gradient. The
polarization of the E field is along the y axis, perpendicu-
lar to the donor separation axis [see Eq. (7)], to allow both
donors to remain at the same energy. While the presence
of additional leads might affect the coherence proper-
ties of the system, we expect the large distance from the
interface and the small dipole moment of a double-donor
system to offer greater resilience to charge fluctuation noise
compared to the subsurface DQDs confined with multiple
gates [57].

Charge noise generates uncontrollable fluctuations in
detuning, which shifts the qubit frequency and introduces
phase decoherence. For the 1P-1P system we consider,
detuning also causes asymmetry in the HF interaction,
shifting the energies of some nuclear spin states. This
noise-induced asymmetry thus results in additional elec-
tron spin-flipping transitions [see Fig. 3(b) with 1 — 6
transition available for symmetric and both 1 — 6 and
1 — 7 for the asymmetric case]. Figure 5 illustrates the
frequency shift and strength of 1 — 6 and 1 — 7 tran-
sitions as a function of detuning. The height of the bars

0.0

Af (M HZ) 35
€ (ueV)
FIG. 5. The black lines show the relative frequency shift
Af = f, — v.B of the qubit (1 — 6) and spurious (1 — 7) tran-
sition as a function of detuning €. The vertical bars show spin-
photon coupling g;/g. of both 1 — 6 and 1 — 7 transitions for
a given value of € and Af.

represents the g;/g. value for each resonance at a particu-
lar detuning. If we define 1 — 6 as the qubit rotation, the
nearby 1 — 7 transition can be treated as a spurious one,
outside of the qubit subspace. That electron spin transition
represents another potential decoherence mechanism due
to charge noise. Although g, coupling of 1 — 7 transition
can be strong far away from the anticrossing, it vanishes at
zero detuning where the resonant frequencies of the qubit
and spurious transitions are closest.

Finally, we comment on the prospect of realizing two-
qubit gates with 1P-1P-based qubits. Long-distance qubit
coupling via a superconducting cavity can be achieved
either in the resonant or dispersive regime [59]. In partic-
ular, as described in Ref. [13] for the DQD case, iSWAP or
CNOT operations can be realized in the dispersive regime
by the exchange of virtual photons. The procedure for 1P-
1P should be alike, however in contrast to the DQD, the
donor-based system offers limited tunability of tunneling
coupling after the device fabrication. In DQDs, the two-
qubit gate is achieved by electrically tuning the tunnel
coupling whilst remaining on the zero-detuning sweet spot.
In a 1P-1P device, we expect to perform the two-qubit gate
by controlling the detuning, as the qubit frequency can be
dependent on € (see 1 — 6 frequencies in Fig. 5). A more
detailed analysis of this detuning dependence will be the
subject of future work.

IV. RESONATOR SIMULATIONS

To enhance electric dipole coupling between a
microwave resonator and a 1P-1P system, it is proposed to
contact the ends of a resonator at the silicon surface to short
phosphorous-doped leads at the qubit layer [60], 50 nm
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(@

FIG. 6. (a) Illustration of one end of a A/2 (Nb,Ti)N
microwave resonator, terminating in a phosphorous §-layer lead
at the qubit plane, 50 nm below the silicon surface. The 1P-
1P system is separated by approximately 1520 nm, and placed
AL > 20 nm from the phosphorous §-layer lead, using the
nanometer precision of scanning-probe lithography. These two
approximate distances are chosen to ensure that the 1P-1P tun-
neling frequency is in the 4-12 GHz range, and the tunneling
frequency from the lead to the closest donor is far slower than
any other time scale in the system. (b) Electric field and voltage
from a single photon in the resonator mode, for a configuration
similar to that illustrated in (a), simulated using Ansys HFSS. The
voltage values are given at the two donor positions, and show a
voltage detuning of approximately AV ~ 0.5 uV.

beneath the surface, using vias as illustrated in Fig. 6(a).
In this way, the resonator antinode can be brought to a dis-
tance slightly greater than 20 nm from one of the donors,
to increase the differential lever arm.

A A/2 superconducting microwave resonator in a notch
configuration, similar in design to structures described in
Ref. [61], is simulated using the Ansys HFSS package. The
ends of the resonator are modeled to contact phosphorous
8-doped leads at the qubit layer, which have a sheet resis-
tance of R, = 350 /0L at 50 mK [60]. The simulated S21
parameter is fitted using the PYTHON package described
in Ref. [62], and a loaded quality factor Q; ~ 5 x 10°
is extracted from the fit, comparable to quality factors
cited in Refs. [29,30]. Simulating an intracavity field at
the single-photon level, the resulting electric field gradient
in the silicon substrate is plotted along the 1P-1P axis in
Fig. 6(b). Here, we take donor separation Ax = 15-20 nm
as the correct order of magnitude (Ax = 18.47 nm has
been used in spin-photon coupling simulations). We also
assume a distance AL slightly more than 20 nm from
the resonator’s é-layer termination to the nearest donor,
to limit tunnel coupling between the donor and resonator
lead. With these parameters and simulation of the electric

field from the cavity, a donor detuning of AV ~ 0.5 uV is
estimated in Fig. 6(b). The engineered detuning of the 1P-
1P from the high-impedance resonator can be compared to
the detuning due to charge noise o, = 0.17 eV (1 s) mea-
sured for double donors in epitaxial silicon [57]. The fact
that eAV /o, > 1 suggests that dipole coupling to the res-
onator would be stronger than the effect of charge noise on
the qubit.

In previous work [61], a potential difference of about
20 uV was inferred between the ends of their A/2 res-
onator. A similar resonator design was used to demonstrate
strong spin-photon coupling with electrostatically defined
DQDs separated by about 100 nm [30]. It should be noted
that the quantum well providing confinement along the
z axis is about 50 nm beneath the silicon surface, and
it can therefore be assumed that the DQDs are actually
detuned by less than the maximum 20 pV. It is also worth-
while to note that, in contrast to previous work [30,61], our
Ansys HFSS simulations do not take into account the kinetic
inductance of the thin superconducting film, which would
further enhance the impedance of the cavity and therefore
the resonant detuning at the qubit location.

The 1P-1P system described here will have a smaller
electric dipole moment compared to DQDs, due to donor
separation that is approximately one order of magnitude
smaller for a similar tunneling rate. On the other hand, the
resonator lead can be closer to donors than for DQDs, and
the fact that the donors are in a region of higher field partly
counterbalances the smaller electric dipole moment.

To reach the strong-coupling regime, the spin-photon
coupling rate must be greater than both the cavity linewidth
and the qubit decoherence rate. Simulations suggest that
a charge-photon coupling rate g. = eAV/2h ~ 100 MHz
and g,/g. = 0.02 is realistic in the proposed device, to
give a spin-photon coupling rate of 2 MHz. A resonator
with fundamental frequency of 7.64 GHz should have a
loaded quality factor close to 10* for a linewidth below
1 MHz, which is realistic with careful resonator design and
fabrication.

V. CONCLUSIONS

We establish a modeling framework, which combines
a tight-binding, effective Hamiltonian and finite-element
high-frequency simulations, to estimate the spin-photon
couplings that can realistically be achieved in donor sys-
tems in silicon. Of note, we use this framework to predict
that strong spin-photon coupling is achievable in realistic
donor device. We start from tight-binding wave-function
simulations to estimate the tunnel couplings and associ-
ated charge dipole couplings as a function of the interdonor
distance. Using an effective Hamiltonian approach that
includes the hyperfine and EISO interactions for spin-orbit
coupling, we show that electrically driven transitions exist
between eigenstates. Our device proposal includes a A/2
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microwave resonator whose ends contact phosphorus §-
layer leads buried at the qubit layer, to allow the coupled
donor system to be positioned in a region of high electric
field gradient and thus enhance charge-photon coupling.
Our simulations show that a spin-photon coupling rate of
the order of 1 MHz, similar to what has been observed
in DQD systems, are achievable in donor-based devices
without an additional micromagnet fabricated close to the
qubit. The simplified fabrication combined with excellent
coherence properties are key advantages of using donors to
build scalable and electrically addressable spin qubits.
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