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Abstract: The nitrogen-vacancy (NV) color center in dia-
mond has rapidly emerged as an important solid-state
system for quantum information processing. Whereas
individual spin registers have been used to implement
small-scale diamond quantum computing, the realiza-
tion of a large-scale device requires the development of
an on-chip quantum bus for transporting information
between distant qubits. Here, we propose a method for
coherent quantum transport of an electron and its spin
state between distant NV centers. Transport is achieved
by the implementation of spatial stimulated adiabatic
Raman passage through the optical control of the NV
center charge states and the confined conduction states of
a diamond nanostructure. Our models show that, for two
NV centers in a diamond nanowire, high-fidelity trans-
port can be achieved over distances of order hundreds of
nanometers in timescales of order hundreds of nanosec-
onds. Spatial adiabatic passage is therefore a promising
option for realizing an on-chip spin quantum bus.
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1 Introduction

Diamond-based quantum information processing (QIP) is
possible due to the remarkable properties of the nitrogen-
vacancy (NV) defect center. The spin states of individual
NV centers can be optically addressed for initialization
and read-out [1] and possess the longest room-temperature
spin-coherence time of any solid-state defect [2]. Cryo-
genic temperatures further enhance these spin properties
by up to four orders of magnitude [3] and enable spin-pho-
ton entanglement through coherent optical transitions [4].
This includes the adiabatic control of the NV spin using
optical pulses [5]. These properties have been used to
operate individual spin registers for small-scale quantum
computing, including demonstrations of error correction
[6], simple algorithms [7], and simulations [8]. Spin reg-
isters have been realized through clusters of NV centers
as well as single NV centers coordinated with clusters of
paramagnetic defects such as BC atoms and substitutional
nitrogen (N) centers [9-15].

Individual spin registers are ultimately limited by the
number of paramagnetic defects addressable by a single
NV center (5-10 strongly coupled qubits [16]). The devel-
opment of large-scale QIP therefore requires the use of
quantum buses to entangle a network of interconnected
clusters. At cryogenic temperatures, optical quantum
buses have been used to entangle spin registers separated
by macroscopic distances [4, 17, 18]. Unfortunately, this
option is challenging for scalable QIP as optical buses are
difficult to compactly incorporate on chip while maintain-
ing low losses. One scalable suggestion is intracluster spin
transport along a chain of paramagnetic defects [19, 20].
Despite the promise of room-temperature operation, engi-
neering the spin chain is difficult with existing fabrication
techniques. Recently, Doherty et al. [21] have proposed
entanglement using semiclassical electron transport
between two NV-"“N, pairs embedded in a diamond nano-
wire. This scheme is severely limited as semiclassical
transport in a nanowire is prone to erroneous capture from
N defects, surface traps [22], or surface emission [23].
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Consequently, here we propose an on-chip spin
quantum bus for diamond QIP using spatial stimulated
adiabatic Raman passage (STIRAP). Spatial STIRAP
involves the transport of massive particles between spa-
tially distinct locations using conventional STIRAP-type
coupling. It was originally explored in the context of
electronic transfer in double quantum dots [24, 25] and
for general methods of spatial adiabatic passage, which
promise robust quantum information transport [26, 27].
The conventional STIRAP technique is a method of popu-
lation transfer between the two lowest levels of a A-type
atomic system [28]. By applying optically coupling fields
in the so-called counterintuitive direction, where the
unpopulated transition is coupled before the populated
transition, the system can be maintained in the optical
dark state, which suppresses population in the central
(excited) state. This suppression of population in the
central state, which will ideally have zero population in
the adiabatic limit, leads to the suppression of the effects
of spontaneous emission. In the context of NV centers,
STIRAP has been proposed [29] and demonstrated [30] for
single qubit control; however, we are not aware of any pro-
posals for the spatial transport of electrons between NV
centers of the form considered here.

In our proposal for spatial STIRAP, the two discon-
nected states of the A scheme correspond to an electron
occupying one of two distant NV centers embedded in
a diamond nanostructure. As depicted in Figure 1A, we
envision mediating adiabatic passage through states of
the conduction band minimum, which are discretized by
the confining potential of the nanostructure. While all
nanostructures lead to discretization, we will consider
nanowires as an archetypal structure. We have identified
two different designs for realizing a nanowire confining
potential, via the potential of a diamond surface or an
electrostatic potential applied by electrodes in a bulk
structure. The schematics for the transport scheme in
these designs are presented in Figure 1. Although STIRAP
is performed similarly in both cases, the susceptibility to
different decoherence mechanisms varies. We also predict
that quantum transport will maintain coherence of the
electron’s spin. Spin transport is known theoretically to
be excellent in diamond due to an indirect band-gap, low
spin-orbit coupling, low electron-phonon (e-p) scatter-
ing, and low background impurity spins [31]. Here, under
STIRAP we explicitly exploit the low background impuri-
ties and low spin-orbit coupling of the conduction band to
achieve spin coherent transport.

This proposal for quantum transport is fundamen-
tally different from existing schemes for spatial STIRAP.
As coupling is mediated optically rather than through the
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Figure 1: Design schematics for quantum transport of an electron
between NV centers using STIRAP.

(A) A-level scheme for two NV centers in a diamond nanowire. Adiabatic
passage is mediated by mutual coupling to the conduction band
minimum state, [i). Applying a Stokes laser pulse before a pump
laser pulse with some overlapping time 1 results in adiabatic quantum
transport of the electron and its spin state from NV A to NV B. (B) Two
NV centers labeled A and B are separated by a distance s in a surface
confined nanowire of length L and width w. A potential difference of
@ is applied to electrode plates affixed to either end of the wire. This
generates a gradient electric potential (graphed as U), which lifts the
degeneracy of states [NV-), | NV°), and |[NV°), [NV-), in the STIRAP level
scheme. To avoid erroneous excitations to higher conduction band
states, the pump and Stokes lasers must individually address each
NV center and therefore be spatially separated. (C) Schematic of an
electrostatically confined nanowire. The two NV centers are aligned
coaxial and perpendicular to the surface of a diamond substrate.

A square nanoelectrode of width wis affixed to the surface above

the NV centers, whereas a grounded electrode plate is affixed to the
opposite side of the substrate. Applying a small positive voltage ®

to the nanoelectrode generates a nanowire confining potential (red
equipotentials), which extends an effective depth L into the substrate.
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manipulation of tunneling amplitudes [27], the spatially
separated states are truly disconnected and there is no
occupation of the intermediary space during transport. In
this sense, it is colloquially akin to the teleportation of a
massive particle. Furthermore, to our knowledge, this is
the first spatial STIRAP proposal that includes coherent
spin transport.

In Section 1, we present a proposal for implementing
STIRAP in a diamond nanowire including a spin initiali-
zation and a measurement protocol. These spin proto-
cols play the essential role of identifying the transported
electrons (thereby distinguishing them from background
sources) and will be the means for which spin entangle-
ment is mediated. We identify a feasibility condition for
transport, AEC/h >Q>T, where AE_ defines the energy
gap between the first and second conduction states, Q
is the Rabi frequency of the optical transition between
defect and conduction states, and T is the optical deco-
herence rate. As a conservative estimate, these constraints
can be considered satisfied when AE /h >10Q > 10T In
Section 2, we calculate AE_by modeling the effect of the
nanowire confining potential on the diamond conduction
band. Effective mass theory (EMT) is used to derive a level
scheme and determine the energies of discretized con-
duction states. In Section 3, we present the first ab initio
calculations for the photoionization mechanism of the
NV center. This is used to evaluate values of Q that can be
practically achieved. We then identify optical decoherence
mechanisms that contribute to I". Finally, in Section 4, we
evaluate Q, AE, and I at cryogenic temperatures for both
nanowire designs introduced previously. The dimensions
of the wires are optimized to maximize the Rabi frequency
relative to decoherence and to satisfy the STIRAP feasibil-
ity constraints.

2 Quantum transport in diamond
nanowires

STIRAP is a method for evolving a three-state system
from an initial state [1) to a final state |3) [28, 32]. This is
achieved through coupling to a mutual intermediary state,
|2), although the direct transition |1) — | 3) may be forbid-
den. To do so, a pump laser pulse with Rabi frequency ()
is tuned to the |1) — | 2) transition, whereas a Stokes laser
pulse with Rabi frequency Q(¢) is tuned to the |2) —|3)
transition. Applying the Stokes laser pulse before the
pump laser pulse with some overlapping time 7 results in
an adiabatic evolution of the state from |1) — | 3) without
any population of |2). The requirement for adiabaticity is
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given by Qt>>1, where Q’=Q2 +Q is the effective Rabi
frequency.

We propose using STIRAP for quantum transport of
an electron between two NV centers. In Figure 1, NVs are
embedded within the nanowire confining potential and
labeled as A and B. This allows us to define a three-level
system given by

|1)=INV"), INV®),
12)=INV®), INV®), |9)
13)=INV®), INV™),,

where |[NV-) and |[NV°) correspond to the *A, and “E elec-
tronic ground states of the negative and neutral charge
states of the NV centers and [) is a nanowire conduction
band minimum state. A schematic of the STIRAP level
scheme is presented in Figure 2. The adiabatic passage
between states |1) and |3) therefore constitutes the electron
transport from NV A to NV B with no occupation of the
intermediary space. The degeneracy of states |1) and |3)
may be lifted by applying a potential difference ® between
each end of the length L wire. For a defect separation dis-
tance s, this induces an energy splitting of AE,=e®s/L.
Let us now consider the transportation of the electron
spin during STIRAP. This requires a protocol for spin ini-
tialization of both [NV-), and [NV°),, which we now present
in turn. First, suppose we wish to transport the spin-
state |T). We restrict our attention to photoionization by
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Figure 2: Nanowire energy-level diagram for the STIRAP transport
protocol.

The electron is transported from the initial defect state [NV-), | NV°)
to the target defect state [NV°), | NV-), using laser pulses with

Rabi frequencies Q_and Q  to mediate adiabatic passage with the
fourfold degenerate conduction band minima states. Implicit in the
labeling of conduction band states is the combined electronic state
of the defects, [NV°), |[NV?),. Not to scale.
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absorption of a single photon from an optical pulse and do
not consider the two-photon ionization process of the NV~
[33]. As the ionizing pulse cannot differentiate between
the two electrons occupying the e-orbitals of [NV-) , both
must be initialized into |T). This can be achieved through
the optical polarization of [NV-), into the m =0 triplet
state followed by the application of a microwave control
pulse. The resulting spin-state can be expressed in the two
e-orbital basis as [+1)=| T) | T). Hence, through this proto-
col, we can guarantee the ionization of a spin-up electron
during STIRAP.

Now, consider the initialization of the [NV°), spin-
state. After STIRAP, electron transportation can only be
validated if the read-out of the [NV-), spin-state agrees
with the spin initialized at [NV-),. Otherwise, it is impos-
sible to discern if the charging of [NV°), into [NV-), was
instead due to the erroneous electron capture. It is there-
fore essential for the read-out that |[NV°), is initialized
into either the |T) or |{) spin eigenstates. To see how this
could be achieved, consider that the [NV-), spin-state after
transport (assuming [NV°), was initialized as |T)) is given
by |T)| T)=|+1). Similarly, we obtain the m =0 triplet-
state when |[NV°), is initialized as [{). Transport can then
be confirmed by performing read-out of the spin state at
NV B.

The spin initialization of NV B can be achieved as
follows. Consider NV B initially prepared into the nega-
tive charge state with spin projection m_=+1. The appli-
cation of a >2.6 eV photoionizing pulse will then eject an
electron with |T) spin, leaving NV B in the neutral charge
state with |T) spin. Equivalently, the |{) spin state can be
prepared for NV B prepared in the m_=-1 state. Although
not proven, it is assumed that photoionization is a spin-
conserving process. Even if this is not the case, one way to
ameliorate the risk of nonconserving spin transitions is to
polarize the N nuclear spin when NV B is in the negative
charge state. After the ionizing pulse, this nuclear spin
polarization can be swapped back onto the electron spin
of the neutral charge state via microwave control. Such
a scheme is now feasible given that recent progress has
identified the NV° spin Hamiltonian [34].

Transportation also requires that NV° spin relaxation
is long with respect to the STIRAP operation time. As of
yet, the spin relaxation of the NV° ground state has not
been directly observed due to the apparent absence of
an electron paramagnetic resonance (EPR) signal [35].
Although this could potentially imply a high rate of spin
relaxation, the new work by Barson et al. indicated that
this is likely not the case. Rather, the apparent absence
of an EPR signal is due to strain broadening in ensem-
bles [34]. Drawing analogy between the similar electronic
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groundstates of the NV° and Si-V- centers, we expect spin
relaxation to be not overly fast. This is because within the
Si-V- center, e-p scattering is known to cause spin dephas-
ing but not relaxation [36]. Consequently, at cryogenic
temperatures, NV B should maintain its spin projection
throughout transport.

During transport, spin decoherence mechanisms
can be neglected. This remains true as long as the
spin-quantization axis of the conduction states match
those of the NV center and there is no rapid spin dephas-
ing of these conduction states. This is investigated
in Supplementary Section B, where we present sym-
metry arguments within the closure approximation.
We prove that if the NV is coaxial to the wire, then the
spin-quantization axis is conserved throughout STIRAP.
Conveniently, NV centers can be preferentially aligned
with a (111) wire axis during fabrication with chemical
vapor deposition (CVD) [37]. For other nanowire direc-
tions, the spin-quantization axis of the conduction state
can be aligned with the NV center via the application
of a magnetic field. The magnitude of this field must
be sufficiently large relative to the component of the
spin-orbit interaction orthogonal to (111).

There are two further requirements for the success-
ful implementation of STIRAP. First, coherent transport
demands that there be no off-resonant coupling to states
other than the conduction band minimum. Hence, the
energy splitting between the first and second conduction
states AE_ must be significantly greater than the Rabi fre-
quency, AE /h> Q. Second, the optical decoherence rate
I' sets a bound on Q, as it induces an unknown phase on
the electron wave function as the transition energy fluc-
tuates. Provided that the Rabi frequency is large (Q>T),
this dephasing will be sufficiently small to achieve high-
fidelity transport. The following two sections address
each of these feasibility requirements in turn. We first
investigate the effects of wire confinement on the conduc-
tion band before evaluating the Rabi frequency and iden-
tifying sources of optical decoherence.

3 Diamond nanowire conduction
band

The confining potential of the nanowire leads to the dis-
cretization of the conduction band suitable for STIRAP.
These confinement effects are well described through
EMT [38], as detailed in Supplementary Section A. As
shown in Figure 1, the nanowire was modeled as a square
prism of monocrystalline diamond with dimensions of
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wxwxL (w<L). The two NV centers are separated by a
distance s and located on the longitudinal. Consider that
bulk diamond possesses six equivalent conduction band
minima located at the k-points I?i between the I' and X
points in each orthogonal axis of the fcc Brillouin zone.
The dispersion relationship at each K- is modeled using
diamond’s anisotropic mass tensor and is referred to as a
valley [39].

In the effective mass framework, the nth conduction
band state for the ith valley of the nanowire is given by

v, (P)=F e u @), 1)

where F ; is an envelope function determined by the con-
fining potential and u, is the bulk-diamond Bloch function.
For simplicity, we approximate the confining potential as
an infinite square well. Although more realistic confining
potentials such as a finite well would result in perturba-
tions to the electronic structure, the key features are well
described within our approximate model. This leads to the
following envelope function

8V n ax nom nmnz
F =,/—%sin ol sin| Y sin 2l , 2
N WL w w L

where n=(n, n, n) and V_is the volume of the diamond
unit cell.

The true eigenstates of the nanowire conduction band
are linear combinations of the valley wavefunctions (1),
which respect to its D,, symmetry. As presented in Supple-
mentary Section A, symmetry analysis reveals four degen-
erate conduction band minima states formed from the
valleys with f(i perpendicular to the wire axis (with sym-
metries Alg, Blg, and Eu). Similarly, the valley states with 121,
parallel to the wire axis form degenerate eigenstates with
A, and A, symmetry. For L>w, the energy of the twofold
degenerate states exceeds that of the fourfold degenerate
states, so only the latter are relevant for STIRAP. For the
simple case of a wire aligned along a (100) axis, the eigen-
energies of the fourfold conduction band minima states
are given by

Pl o on
E,= 2 {mwz+m1y/vz+m L/l G)
I 1 1

where m and m, are the transverse and longitudinal effec-
tive masses of an electron in bulk diamond. For L > w, this
corresponds to

2_2
N :3h nz.
¢ 2mL

(4)
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In Section 4, we use Equation (4) to assess the feasi-
bility condition AEC/ h> Q for the two different nanowire
designs.

EMT is limited as it cannot account for coupling
between valley states via the wire confining potential.
Known as the valley-orbit interaction, this coupling leads
to a fine splitting of the conduction band minima states
[40]. Although the resulting eigenstates may be determined
by symmetry, the magnitude of the splitting is notoriously
difficult to quantify but assumed to be small [41-44]. A
proper treatment would require detailed ab initio calcu-
lations, which are left as an opportunity for future work.
The final electronic consideration is splitting induced by
the applied electric field. As explored in Supplementary
Section A, this Stark effect does not influence the states of
the conduction band minimum. Although it does produce
a small splitting of the Alg and A, states, for L>w, this
poses no impediment to the performance of STIRAP.

4 Optical processes in diamond
nanowires

Assessing the feasibility of STIRAP requires comparing
attainable photoionization Rabi frequencies to optical
decoherence mechanisms. In this section we first present
calculations of the photoionization Rabi frequency includ-
ing Franck-Condon effects. We then identify and charac-
terize three optical decoherence mechanisms; erroneous
capture by N_ defects, e-p scattering and spontaneous
emission.

4.1 Photoionization Rabi frequency

The conduction dipole moment was first obtained for the
photoionization of bulk NV centers using ab initio calcula-
tions. Density functional theory was performed using the
VASP plane-wave code with a 512-atom diamond supercell
[45-48] and Heyd-Scuseria-Ernzerhof functionals [49].
The energy of the °A, ground state of the NV~ center and
the E ground state of the NV° center (plus an ionized elec-
tron) were calculated as a function of generalized atomic
coordinates. As detailed in Supplementary Section C, the
calculations produced an ionization energy of w=2.6 eV
(close to experimental values [33]) and a Huang-Rhys
factor of S=1.39. The direct calculation of the optical
matrix elements yields a transition dipole moment of
d_ . =0.085¢e A, normalized to the volume of the 512-atom

bulk
supercell.
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The bulk photoionization dipole moment can be
used to determine the corresponding moment in a nano-
wire. Noting that this moment is identical for both the
pump and Stokes pulse, we calculate in Supplementary
Section C that

dwire = E)(RA)Q_S/Zdhulk ’ (5)
where R , 1s the position of NV A. For defects centered at

opposite ends of the wire, the normalization function in
Equation (5) can be simplified as

8V, [xs
‘FO(S): VVZLCOS(ZLJ, (6)

where V,_=2.837 nm’ is the volume of the 512-atom super-
cell. Assuming a laser power P with radial spot-size r,
the effective photoionization Rabi frequency within a
diamond nanowire is

e 5P f 8P
Q: F(S)du ) (7)
rih \nyce o O P

where n, is the index of refraction in diamond. The achiev-
able spot size and power are related to each other depend-
ing on the technical aspects of the optics employed. A
conservative estimate says that a diffraction-limited spot
size r=200 nm can be attained with a lasing power of
P=100 mW. These parameters will be used in Section 4 to
evaluate the photoionization Rabi frequency.

4.2 Decoherence mechanisms

One source of optical decoherence is the erroneous
capture of conduction band electrons by N_ defects. Typi-
cally, N, defects are formed during CVD growth due to
N-based gases present in the plasma [50]. These defects
act as electron donors, readily ionizing to N: to fill elec-
tron traps from surface defects [22]. The N capture rate

. B ) ;
can be estimated as Fcap—pmpeL wo[k,T/m", where

6~3-7 nm?is the N_ capture crogs-section, k,, is the Boltz-
mann constant, T is the temperature, m* is the isotropic
mean of the effective mass components, Py is the density
of N defects, and p, is the probability denss,ity of the con-
duction band states [21].

We may conservatively estimate that p L’w<1; thus,
the capture rate is independent of volume. Assuming that
T=4K and P = 1 ppb, we find that ' < 2.5 MHz. This
places a constraint on the photoionization Rabi frequency
for STIRAP in any nanostructure. In this analysis, we have
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assumed passivation of all surface traps by N, donors. If
this is not the case, surface defects must be considered as
another source of electron capture. Other defects, such
as vacancy clusters introduced during fabrication, may
also act as electron traps. However, they will not be domi-
nant in number within a single wire in comparison to N
defects.

A second source of decoherence can be attributed to
the e-p scattering of the conduction band states. We con-
sider only first-order processes involving absorption and
emission of acoustic phonons with higher-energy conduc-
tion states. Higher-order interactions can be considered
negligible at 4 K. The e-p scattering rate, I, may be deter-
mined through Fermi’s golden rule with the Hamiltonian

~

H:

ep

[1]

V. i, (8)

where Z,=8.7 eV is the diamond deformation potential
[51] and u L is the nanowire phonon field. Explicit rates for
I, are specific to the nanowire design and are presented
in the following section.

A fundamental source of optical decoherence is that
due to spontaneous emission. The spontaneous emission
rate for transitions [2)— | 1) and |2)— | 3) may be estimated
using conventional expressions as [52]

w’d’

F =2 wire .
£ 3me nhc’ ©)

note that this decoherence rate is dependent on wire
geometry through the normalization function F as per
Equation (5). We now evaluate the Rabi frequency and
total decoherence rate within both nanowire designs —
surface confinement and electrostatic confinement — and
optimize wire dimensions to satisfy the STIRAP feasibility
conditions.

5 Optimization of nanowire design

5.1 Surface confinement

As displayed in Figure 1A, electronic confinement may be
realized through the fabrication of freestanding nanowires
[53, 54] or nanopillars [55] using reactive ion etching. To
avoid injection of spurious electrons, it is necessary that
the electrodes affixed to the wire ends are insulating and
separated from the diamond surface with a high resistivity
contact. NV centers may be introduced into wires through
either N ion-implantation [56, 57] or N &-doping [58].
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A pair of NV centers suitable for STIRAP can then be iden-
tified by confocal microscopy. Ideally, the NVs will be
coaligned along a (111) axis and situated at depths greater
than ~50 nm (this is necessary for obtaining optimal bulk-
like properties [59]).

We now derive an expression for the decoherence rate
due to e-p scattering. In Supplementary Section D, we
present calculations of I', | by approximating u ’ through
the elasticity theory. Acoustic nanowire phonon modes
may be classified as dilational, flexural, torsional, and
shear [60]. However, only dilational modes possess
nonzero divergence and contribute to the e-p scattering
as per Hamiltonian (8). The dilational modes i i have
angular frequencies quantized by m=(m, m, m,), which
are given by

2 2 2

m +m m

w) =n'cl| ——L+—=|,
w L

(10)

where ¢, is the longitudinal speed of sound in diamond.
The scattering rate can then be calculated as

n

27
r =22y=2|\m pP—2
ep hz n'zm d | n,m | zpcszwm

xny (o, ,Tplo, -, ),

(1)

where M,  is the overlap integral between the electron
and phonon wavefunctions, p. is the density of diamond,
and n, is the Bose-Einstein distribution. The density of
states, p, is assumed to be a Lorentzian, given by

yln

W —W )=,
p( n m) (wn_wm)z_,’_yZ

(12)
where yza)m/ Q for Q is the quality factor. For diamond
microcantilevers, Q >10¢ has been observed [61].

We now optimize the dimensions of a surface-confined
nanowire with respect to the STIRAP feasibility condition
AE [h>Q>T. In Figure 3A, we present the photoioniza-
tion Rabi frequency derived in Equation (7) as a function
of wire dimension. In Figure 3B, we compare the Rabi fre-
quencies to the total decoherence rate I'=I"_ + I, + T
for varying nanowire dimensions. We assume that Q =109,
T=4 K and that each NV center is positioned 100 nm from
its respective wire end. For simplicity, we have only con-
sidered wires aligned along a (100) axis, although similar
results likely hold for other wire directions.

Figure 3B indicates that, in general, decoherence
effects are minimized for smaller wire dimensions. This
can be attributed to the normalization of the Rabi fre-
quency, which scales inversely proportional with wire
volume as evident in Figure 3A [cf. Equation (7)]. The
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Figure 3: Dimensional dependence of optical properties within
(100) aligned diamond nanowires.

(A) Density plot of the photoionization frequency Q as a function of
wire dimension. (B) Density plot of the ratio of the photoionization
frequency to the optical decoherence rate (Q2/T) as a function

of dimension for a surface confined nanowire. (C) Density plot

of the ratio of the photoionization frequency to the optical
decoherence rate (Q/I') as a function of nanowire dimension for

an electrostatically confined nanowire. Note that we have omitted
calculations of Q and Q/T for wires with w> L.

sporadic variations in Q/I" can be attributed to the reso-
nance between electronic and photonic levels. Consult-
ing Equation (11), certain wire dimensions produce an
increased density of resonant states, which amplifies
the rate of e-p scattering. Off resonance, the dominant
decoherence mechanism is electron capture. A range of
wire dimensions with L<0.6 pum and w<0.2 um satisfy
the STIRAP feasibility condition with at least Q>10T,
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reaching a maximum of Q=20T for short wires 0.3 um
long. Note that for all wire dimensions considered in
Figure 3B, AEC/h>1O3Q; therefore, off-resonant coupling
does not pose an impediment to STIRAP.

5.2 Electrostatic confinement

An alternative means for realizing a nanowire confining
potential is through electrodes in a bulk structure. Con-
sider the diamond substrate presented in Figure 1B, where
two coaligned NV centers can be identified through con-
focal microscopy. To generate the confining potential,
a square nanoelectrode with width w is affixed to the
surface directly above the NV centers. On the opposing
surface of the diamond substrate, an electrode plate is
fixed and grounded. Applying a positive potential to the
square electrode will then generate a confining potential.
This localizes the electron density near the surface into a
wire-like geometry. The effective length of this wire may
be tuned through the magnitude of the potential. Conveni-
ently, the potential also generates an electric field gradi-
ent that can be used to energetically distinguish each NV
center during STIRAP. These electrostatic properties are
demonstrated through simulations using COMSOL Mul-
tiphysics software presented in Supplementary Section E.

In contrast to surface-confined wires, electron scatter-
ing within electrostatically confined wires is due to inter-
actions with bulk phonons. The calculation of I, using
Fermi’s golden rule and the Hamiltonian (8) is presented
in Supplementary Section D. We find that

2
1 &

on(w,T
o 2Q2m) hpcc{; (@ T)

we2n w . (13)
x["76,| ==, 0, ¢ [sin(0)dodg,
0J0 CI

where G is a complicated expression for the overlap
integral.

A further benefit of the electrostatic confinement
design is that decoherence due to N capture can be miti-
gated through the inclusion of a sacrificial donor layer.
N, defects distant from the confining potential can be
5-doped into the substrate during CVD growth [58]. The
sacrificial defects donate electrons to the surface traps
until charge conservation occurs, reducing the density of
N available for erroneous capture within the confining
potential [22]. We conservatively estimate that the pres-
ence of a sacrificial layer can reduce I by 95%.

In Figure 3C, we present the dimensional depend-
ence of Q/T for an electrostatically confined nanowire
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aligned along the (100) axis. We have that G o<w™ in
Equation (13); therefore, e-p scattering dominates the Rabi
frequency for wire widths less than approximately 0.4 um.
For larger wire dimensions, both e-p scattering and spon-
taneous emission are negligible and the dominant source
of decoherence is due to N; capture. The STIRAP feasibil-
ity conditions are satisfied when 0.5 pum <w< 0.9 um and
0.75 um < L <1.25 um, which yields Q> 10T". The ratio Q/T"
is optimized at =25 for wire dimensions of L=0.75 um
and w=0.6 um. Furthermore, for all wire dimensions,
AEC/h >10°Q; hence, crosstalk with higher-energy states
in the conduction band is negligible.

6 Conclusion

In this paper, we propose spatial STIRAP to realize
an on-chip spin quantum bus for scalable diamond
QIP devices. Our scheme considers coherent quantum
transport of an electron and its spin state between two
NV centers embedded in a diamond nanowire. This is
achieved by implementing STIRAP for the optical control
of the NV center charge states and the confined nanowire
conduction states. In contrast to existing spatial STIRAP
protocols that manipulate tunneling amplitudes between
distant sites, our proposal realizes quantum transport
without any occupation of the intermediary space. Fur-
thermore, to our knowledge, this is the first implementa-
tion of spatial STIRAP including spin-state transport.

A proposal for our scheme was first presented along
with a protocol for initializing the NV spin-states. We iden-
tified a feasibility condition for implementing STIRAP,
AE [h>Q>T, requiring the photoionization Rabi fre-
quency to exceed optical decoherence rates and be limited
by coupling with higher-energy conduction states. For
the latter, EMT was employed to model the effects of the
nanowire confining potential on the diamond conduction
band. We then presented the first ab initio calculations
of the NV photoionization Rabi frequency. This allowed
the STIRAP feasibility condition to be evaluated in two
nanowire designs, which achieved electronic confine-
ment through either a surface structure or electrodes. By
optimizing the Rabi frequency relative to the decoherence
rate for varying wire dimension, we conclude that STIRAP
is feasible in both designs in timescales on the order of
hundreds of nanoseconds.

The first experimental stages should perform pho-
toionization spectroscopy to assess the spectral linewidth
of discretized states in the nanowire conduction band.
Ultimately, this will determine whether deterministic pho-
toionization to the conduction band minimum is feasible.
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A second key experiment is to directly the measure the
spin-relaxation time of the NV° center to confirm that it
is sufficiently long to enact the STIRAP protocol. This
study has also introduced multiple avenues for future
theoretical research. For example, a detailed ab initio
model of the nanowire electronic structure would allow
for the precise calculation of valley-orbit and spin-orbit
interactions. This would require the development of new
computational tools for simulating mesoscopic diamond
structures.
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